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Abstract
Many genetic processes require enzymes or enzyme complexes that interact simultaneously with dis-
tant sites along the genome. Such long-range DNA-enzyme interactions are important for example
in gene regulation, DNA replication, repair and recombination. In addition many restriction enzymes
depend on interactions between two recognition sites and form therefore a model system for studying
long-range communications on DNA.
Topic of the present work are Type III restriction enzymes. For these enzymes the communication
mechanism between their distant target sites has not been resolved and conflicting models including
3D diffusion, 1D translocation and 1D diffusion have been proposed.
Also the role of ATP hydrolysis by their superfamily 2 helicase domains which catalyse functions of
many enzyme systems is still poorly understood. To cleave DNA, Type III restriction enzymes sense
the relative orientation of their distant target sites and cleave DNA only if at least two of them are
situated in an inverted repeat. This process strictly depends on ATP hydrolysis. The aim of this PhD
thesis was to elucidate this long-range communication.
For this a new single molecule assay was developed using a setup combining magnetic tweezers and
objective-type total internal reflection fluorescence microscopy. In addition of being able to mechan-
ically manipulate individual DNA molecules, this assay allows to directly visualize the binding and
movement of fluorescently labelled enzymes along DNA. Applying this assay to quantum dot labelled
Type III restriction enzymes, a 1D diffusion of the enzymes after binding at their target sites could be
demonstrated. Furthermore, it was found that the diffusion depends on the nucleotide that is bound to
the ATPase domains of these enzymes. This suggested that ATP hydrolysis acts as a switch to license
diffusion from the target site which leads to cleavage.
In addition to the direct visualization of the enzyme-DNA interaction, the cleavage site selection, the
DNA end influence (open or blocked) and the DNA binding kinetics were measured in bulk solution
assays (not part of this thesis). The experimental results were compared to Monte Carlo simulations of
a diffusion-collision-model which is proposed as long-range communication in this thesis. Integrating
the results of this thesis with previous data, a simple communication scheme is proposed based on 1D
diffusion along DNA.
v
Zusammenfassung
Viele genetische Prozesse, wie zum Beispiel die Genregulation, die DNS-Replikation, -Reparatur
und -Rekombination, erfordern Enzyme und Enzymkomplexe, die eine Kommunikation zwischen
entfernten Bereichen des Genoms durchfu¨hren.
Nebendem sind viele Restriktionsenzyme auf die Erkennung und die Wechselwirkung zwischen zwei
DNS-Erkennungsstellen angewiesen und bilden daher ein Modellsystem fu¨r die Untersuchung von
Langstreckenkommunikation auf der DNS.
Thema dieser Arbeit sind Typ III Restriktionsenzyme. Der Kommunikationsmechanismus zwis-
chen weit entfernten DNS-Bindestellen dieser Enzyme wurde bislang nicht entschu¨sselt, und wider-
spru¨chliche Modelle basierend auf 3D-Diffusion, 1D-Translokation und/oder 1D-Diffusion wurden
aufgestellt.
Daru¨ber hinaus ist die Rolle der ATP-Hydrolyse, die durch eine der Helikasen-Superfamilie 2 zugeho¨rigen
Aminosa¨uresequenz ausgefu¨hrt wird, noch wenig verstanden. Um DNS zu schneiden, erkennen Typ
III Restriktionsendonukleasen die relative Orientierung von weit entfernten Bindestellen. Nur wenn
mindestens zwei Bindestellen eine invertierte Ausrichtung aufweisen, kommt es zum Schneiden der
DNS. Dieser Prozess ha¨ngt strikt von der ATP-Hydrolyse ab. Das Ziel dieser Dissertation war es, den
Kommunikationsmechanismus zwischen entfernten Bindestellen aufzukla¨ren.
Dazu wurde eine neuartige Einzelmoleku¨l-Untersuchungsmethode auf Grundlage der Kombination
einer magnetischen Pinzette mit Total-Reflektions-Fluoreszenz-Mikroskopie entwickelt. Neben der
Mo¨glichkeit einzelne DNS-Moleku¨le mit der magnetischen Pinzette mechanisch manipulieren zu
ko¨nnen, ermo¨glicht die Fluoreszenz-Mikroskopie zusa¨tzlich die direkte Visualisierung der Bindung
und Bewegung fluoreszenzmarkierter Enzyme entlang der DNS.
Durch die Anwendung dieser Untersuchungsmethode auf Typ III Restriktionsenzyme, die mittels
Quantenpunkten markiert sind, ko¨nnte, nachdem diese an ihren Zielorten gebunden haben, eine 1D-
Diffusion der Enzyme nachgewiesen werden. Daru¨ber hinaus wurde festgestellt, dass die Diffusion
vom Nukleotid, das an den ATPase Doma¨nen dieser Enzyme gebunden ist, abha¨ngt. Das legt nahe,
dass ATP-Hydrolyse als Auslo¨ser fu¨r die Diffusion des Enzyms weg von der Bindestelle dient, was
zum Schneiden der DNS fu¨hrt.
Neben der direkten Visualisierung der Interaktion der Enzyme mit der DNS wurden die Wahl der
Schneidestelle, der Einfluss der DNS-Enden (geo¨ffnet oder geschlossen) und die DNS-Bindekinetiken
mit Hilfe weiterer biochemischer Methoden untersucht. Die Ergebnisse dieser Untersuchungen wur-
den mit Monte Carlo Simulationen eines Diffusions-Kollisions-Modells verglichen, das als Langstreck-
enkommunikationsmechanismus in dieser Arbeit vorgeschlagen wird. Durch die Verbindung der
Ergebnisse dieser Arbeit mit fru¨heren Daten, wird ein einfaches Kommunikationschema, das auf
1D-Diffusion entlang der DNS basiert, vorgeschlagen.
vi
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1. Introduction
Functions, structures and mechanisms of nucleic acids and with nucleic acids interacting enzymes
are of large interest due to their major role in cellular processes. This thesis is focused on the study
of nucleic acid motors which are key enzymes in fundamental cellular processes in which DNA or
RNA is involved, such as transcription, translation, the packaging and the maintenance of chromo-
some structure as well as restriction and DNA repair [1, 2]. Many of these motor proteins are able to
directionally move nucleic acids or to move along nucleic acids using a chemical energy source such
as ATP [3–5]. For the study of these proteins single molecule techniques offer an excellent comple-
ment to bulk techniques to unravel their functions and mechanisms. The DNA shortening induced
by motor proteins is typically measured in optical and magnetic tweezers experiments [2]. However,
with these methods the actual protein binding and the movement of these enzymes along the DNA
can not be observed. Therefore the aim of this thesis was to construct a setup combining magnetic
tweezers with single molecule total internal reflection fluorescence (TIRF-)microscopy. Within such
a setup the magnetic tweezers shall allow the possibility to measure and manipulate single DNA
molecules, while microscopy allows the direct observation of fluorescent probe labelled enzymes and
their binding and movement along DNA.
1.1. From flying horses to diffusing enzymes
Figure 1.1: 1821 Derby of Epsom, painted by The´odore Ge`ricault (exhibited in the Louvre, France). In the
painting the position of the horses legs is illustrated with both front and hind legs extended (no leg is in contact
with the ground).
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A B
Figure 1.2: The Horse in Motion. (A) Schematic representation of the experiment, to capture a single horse
stride (Image is taken from Prof. Ilme Schlichting). (B) Moment pictures which show that horses fly (see snap
shot in the red frame). The picture shows the so called “Sallie Gardner at a Gallop“, by Eadweard Muybridge
[6].
Around 135 years ago an experiment was carried out to resolve a hotly debated topic of the day:
Whether all four of a horse’s hooves left the ground at the same time during a gallop. The question if
horses can fly occurs due to the fact that the human eye cannot follow the leg movement, because the
movement is too fast. Therefore, it leaves the impression that galloping horses fly above the ground.
Several different and conflicting models for the mechanism of the horse gallop were proposed by
painting artists and scientists. The most common model was the ”Rocking Horse“: All legs are ex-
tended, the two forelegs way out in the front, the hind legs jutting behind (see figure 1.1)
In 1878, Eadweard Muybridge developed a new analytical method for the time resolved investigation
of fast processes. He used a series of 12 stereoscopic cameras spaced at 21-inch intervals over 20 feet
to capture a single horse stride, by taking pictures at one thousandth of a second. These pictures, were
taken on what is now the Stanford University campus, show that horses fly for a short time (see figure
1.2). Furthermore the series of successive snapshot pictures show that when the horse feet are all off
the ground, they are under the horse, not extended. The investigation of the mechanism shows that a
horse ”pulls“ it self forward with its front feet and then ”pushes off“ it self off with the back feet.
These were important facts to know for the horse trainers in Stanford, but even more important was
that the experiment led to the development of motion pictures, which represents the starting point of a
new era for the investigation of fast mechanism. The investigation of the horse gallop shows that the
breakthroughs in understanding the natural world often rely on innovative instruments and analytical
methods.
Now 135 years later, state-of-the-art single molecule force spectroscopy and fluorescence imaging
methods were used in this thesis to follow the same strategy to investigate the long-range communi-
cation mechanism of Type III restriction enzymes. For this, instead of preparing a horse race track, a
single DNA molecule is manipulated and the galloping horse is a single Type III restriction enzyme
labelled with a fluorescent probe. The fluorescent probe, which in a way ”rides“ on the enzyme com-
plex, is then directly visualized to follow the motion of single enzyme complexes. The hotly debated
topic in that field is: How do Type III restriction enzymes communicate between distant target sites
on DNA? Several conflicting models including 3D diffusion [7–9], 1D translocation [10, 11] and 1D
2
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diffusion have been proposed (see section 1.3 and ref. 12–16a). However experimental observations
were missing which directly allow to discriminate between the different models. In particular the
discrimination between 1D directed translocation and 1D random diffusion could not be performed
so far for Type III restriction enzymes.
By directly observing the enzyme binding and motion on DNA it should be possible to directly dis-
criminate between different modes of movement of these enzymes on DNA.
1.2. Restriction-modification systems in bacteria
The awareness of the phenomenon of restriction and modification and the subsequent revolution in
molecular biology started by observations of microbiologists in the early 1950s. They found that
the host range of a bacterial virus (phage) could be influenced by the bacterial strain in which the
phage was propagated before [3, 17, 18]. This effect was connected to sequence-specific endonu-
cleases [18]. Today it is undisputable that restriction-modification enzymes are the central part of
the defence system of bacteria against invading viruses [19]. Restriction enzyme complexes recog-
nize viral DNA upon the methylation state of their target sequence and destroy it by cleaving it into
pieces [20]. Foreign DNA lacks the specific methylation within the recognition site, while the host
DNA is modified by its methyltransferase at these sites and is thus cleavage-resistant (see figure 1.3).
All restriction-modification systems consist therefore of a pair of opposing enzymatic activities: a
methyltransferase and a restriction endonuclease [21]. The methyltransferase recognizes and binds to
a specific recognition site. Recognition sequences are usually 4 to 8 bp long and can be continuous
or interrupted, symmetric or asymmetric as well as unique or degenerated [21]. Restriction endonu-
cleases and methyltransferases from the same system recognize the same sequence. The methyltrans-
ferases add a methyl group to one adenine and/or cytosine in each strand of the recognition sequence,
in order to protect the host DNA against suicidal restriction [21]. The restriction endonucleases cat-
alyze double strand breaks in un-methylated DNA, either within the site within a few tens of base
pairs of the site or many hundreds of base pairs distant from the site. The DNA cleavage requires
(with few exceptions) the presence of Mg2+ [22]. Restriction-modification systems occur in archaea,
bacteria [20, 23] and certain viruses [24]. Up to date, 3945 different restriction modification systems
have been biochemically or genetically characterized [25]. The restriction-modification systems are
classified into four types according to their genetic and their subunit organisation, their modes of
action and their co-factor requirements; Type I, II, III and IV [26].
Type I restriction enzymes have three different subunits, HsdM (responsible for modification), HsdR
(responsible for restriction) and HsdS (responsible for sequence recognition) [11, 27]. The holoen-
zyme consists of two modification subunits, two restriction subunits and one sequence recognition
aRef. [15]: van Aelst, K., To´th, J., Ramanathan, S., Schwarz, F. W., Seidel, R., Szczelkun, M.D. 2010. Type III re-
striction enzymes cleave DNA by long-range interaction between sites in both Head-to-Head and Tail-to-Tail inverted
repeat. Proc Natl Acad Sci U S A, 107(20), 9123-28.
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Figure 1.3: Schematic view of bacteriophage infection and host defence. The defence mechanism consists
of the recognition of the incoming foreign DNA and its destruction by cleaving it at defined recognition sites
into pieces. The host protects its own DNA from DNA cleavage by methylation of the recognition site (image
provided by Dr. Ralf Seidel).
subunit (HsdR2HsdM2HsdS). They require ATP and Mg2+ for activity and recognize two asymmetric
bipartite recognition sites. Cleaving occurs at random loci between the sites up to several thousands
of base pairs away from their recognition site [3, 28].
Type II restriction enzymes are the most common and best studied restriction enzymes with many
reviews available [22, 29, 30]. Type II restriction enzymes are very powerful tools for genetic engi-
neering and thus are very well genetically and biochemically characterized (there are more than 3800
Type II restriction enzymes in the REBASE database from 2010) [25]. Type II enzymes are usually
homodimeric or homotetrameric and do not require ATP or GTP, but usually (with some exceptions)
only Mg2+ as cofactor. The orthodox Type II enzymes recognize 4 to 8 bp long sequences and cleave
both DNA strands within or close to the recognition site, leaving 3´-OH and 5´-phosphate ends [28].
Many Type II restriction enzymes do not have these orthodox characteristics. Therfore a division into
subgroups was necessary, based on recognition sequence or the structure of the enzymes [26]. How-
ever, due to the great diversity among Type II restriction enzymes, overlaps cannot be avoided. The
subgroups of Type II enzymes are in detailed described in ref. 26, 29, 31–33. Some Type II enzymes
cleave only one DNA strand, and these enzymes are called nicking enzymes, for example Nt.BbvCI
and Nb.BbvCI (where Nt/Nb stands for nicking the top/bottom strand). Both enzymes were used in
this thesis for the preparation of long DNA molecules for magnetic tweezers experiments (see section
4.3).
Although Type II REases are extensively studied, many of them have not been characterized in details,
and for many of them it is not yet known to which group they belong. However, it can be concluded
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that the range of cleavage modes is much larger than previously expected, as it has been shown in ref.
34.
Type IV restriction enzymes are not a part of the restriction-modification systems, since they recog-
nize and cleave only methylated DNA [26]. A typical representative of this group is McrBC, which
consists of two subunits, McrB (responsible for DNA recognition) and McrC (responsible for cleav-
age) [35]. It requires GTP and Mg2+ for activity and at least two RmC sequences (purine followed
by methylated cysteine), cleaving close to one of the recognition sites [27, 36]. So far very little is
known about Type IV enzymes [28].
Type III restriction enzymes are heterotetrameric complexes composed of two modification (Mod) and
two restriction (Res) subunits (Mod2Res2). The Mod subunit forms a homodimeric Mod2 [37] or a
heterotetrameric (Mod2Res2) complex that recognizes and methylates DNA [11, 38]. However only
the Mod2Res2 complex is able to cleave DNA. The Type III enzymes recognize specific 5 to 6 base
pair long asymmetric DNA sequences, for example 5´-AGACC-3´ for EcoPI or 5´-CAGCAG-3´ for
EcoP15I. This asymmetry gives the site an orientation as shown in figure 1.4. Type III restriction
enzymes require Mg2+ for activity and cut DNA molecules in an ATP-dependent manner when there
are two copies of the these asymmetric recognition site in an inverted repeat arrangement [10, 15, 39–
41]. These sites can be many thousands of base pairs apart, but must be on the same DNA [42].
Cleavage occurs at a non-specific position, 25 to 27 base pairs downstream of only one of the two
recognition sites [10]. Whilst sites in either Head-to-Head or Tail-to-Tail orientation can efficiently
induce the nuclease activity, DNA with single sites or with pairs of sites in direct (Head-to-Tail) repeat
do not, except under conditions which promote non-specific association with the DNA (e.g. K+ ions
and/or elevated enzyme concentrations) (see figure 1.4B) [42, 43]. The Type III restriction enzymes
can therefore be said to exhibit “site orientation selectivity” [15, 41]. This selectivity is important
since these enzymes only hemimethylate their recognition sites but pairs of sites in inverted repeat
will always remain protected following semi-conservative replication [39, 44–46].
A
C
Cleavage Cleavage
...NNNCAGCAGN(N)20NNNNNNNNNN...
...NNNGTCGTCN(N)20NNNNNNNNNN...
separated by
 thousands o
f base pairs
B
D
25 bp
ATP
Figure 1.4: Requirements for DNA cleavage by Type III restriction enzymes. (A) DNA cleavage is triggered by
long-range communication between two target sites. (B) DNA cleavage requires two target sites on the same
DNA in an inverted orientation. (C) DNA cleavage occurs 25 to 27 bp downstream (in asymmetry orientation)
of only one of the two recognition sites. As an example the recognition sequence (red) and cleavage region
(green) are shown for EcoP15I. (D) DNA cleavage strictly depends on the presence of ATP [10, 15, 39–41].
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1.3. Long-range communication by restriction enzymes
Among the different classes of restriction enzymes Type I and Type III restriction enzymes are of par-
ticular interest for this thesis. Both types of restriction enzymes possess ATPase motifs belonging to
the superfamily 2 (SF 2) of helicase [47, 48] in order to carry out DNA cleavage. ATP hydrolysis is an
absolute requirement for DNA cleavage by these enzymes [12]. Beyond that both types of restriction
enzymes require long-range communication (up to several kbp) between two target sites. For Type
I restriction enzymes it is established that the helicase domain [50] acts as a dsDNA translocating
motor. The enzyme complexes bind via their methyltransferase core unit (MTase, red oval in figure
1.5) to an unmethylated target site. The bound motor and restriction subunits (HsdR, blue dot in figure
1.5) engage the adjacent DNA and start to translocate it, driven by ATP hydrolysis. The translocation
results in up to two large DNA loops [51, 52]. Cleavage is triggered after a pure 1D communication
process, when two translocating motors from distant target sites collide (for a review see ref. 3).
Unlike the Type I restriction enzymes, Type II restriction enzymes use a passive communication pro-
cess, which is ATP independent. For this they use communication processes like 3D diffusion or
hopping, jumping and/or diffusion along the DNA (for a review see ref. 1, 22).
Type III restriction enzymes share a lot of similarities with the Type I systems: (i) They possess very
similar ATPase motifs and a similar domain organization [47, 48]; (ii) They require ATP hydrolysis
for DNA cleavage [44] and (iii) they require the communication between two target sites, which (dif-
ferent to Type I restriction enzymes) even have to be in an inverted orientation to each other [39].
To explain ATP hydrolysis used by Type III restriction enzymes to carry out long-range communi-
cation between sites in an oriented manner, a number of conflicting models have been proposed in
the past (see figure 1.6). These models are principally based on similarity to the domain organization
of the Type I restriction enzymes, for which motor driven unidirectional DNA translocation has been
unambiguously shown [3]. The long-time accepted cleavage model for Type III restriction enzymes
Type I Type II
1 target site
Active communication
by  1D loop translocation
(ATP dependent)
Type III
Passive communication
by passive 3D DNA loop formation
2 target sites
Active communication
by unclear manner
(ATP dependent)
?
Figure 1.5: Strategies of restriction enzymes to perform long-range communication between distant target sites.
Type I restriction enzymes use an active ATP dependent communication process based on DNA translocation
to overcome the distance between two target sites. Type II restriction enzymes use a passive 3D diffusion
based and ATP independent mechanism to find a single target site or to communicate between target sites.
Type III restriction enzymes use an active communication process which involves ATP hydrolysis. However a
long-range communication process is not established so far and many modes were debated (see main text).
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Mod
Mod
Mod
ModRes
Res
Res
Res
Loop translocationA
B Non-loop translocation
C 3D looping 
+ loop translocation Figure 1.6: Suggested long-range communication
models for Type III restriction enzymes. (A) Loop
translocation model: Target site communication is
powered by an ATP hydrolysis driven directional loop
translocation [10, 49] (image provided by Dr. Ralf
Seidel). (B) Non-loop translocation model: ATP hy-
drolysis driven direction translocation along the DNA
without loop formation [7]. (C) 3D looping + loop
translocation model: Combination of 3D looping (as
found for Type II restriction enzymes) coupled with a
short range ATP hydrolysis driven loop translocation
[8, 9]. Images were taken from the corresponding
references.
has been almost identical to Type I restriction enzymes, in which the enzymes remain at their target
sites, pull in loops due to DNA translocation and cleave DNA upon collision [10, 11].
Together with the other models it is a common assumption that the enzymes perform an ATP hydroly-
sis driven undirectional 1D translocation along the DNA (with loop formation [8–10, 49] and without
[7]).
However, Type III restriction enzymes utilize at least 1000-fold less ATP than their Type I counterparts
[10, 12, 14, 44], which has significantly challenged the 1D translocation hypothesis. It was estimated
that Type III restriction enzymes travel more than 25 bp per hydrolyzed ATP molecule within a direc-
tional translocation model [12]. Given current knowledge on step sizes of DNA motors (1-2 bp, e.g.
the Type I restriction enzyme EcoR124I [53] and the hepatitis C virus NS3 helicase [54]), an intersite
communication based on directional translocation alone can be practically excluded. To resolve this
contradiction, more recently a model has been proposed [8, 9] that combines passive 3D looping to
shorten the necessary translocation distance, like found for many Type II restriction enzymes [22],
and 1D ATP-driven translocation. The 3D looping should bridge larger distances on DNA, while the
translocation was proposed to only bridge remaining small distances prior collision. The model was
based on AFM data in which extensive looping has been observed (see inset in figure 1.6C).
Diffusion-collision-model for Type III restriction enzymes
In order to prove or disprove the proposed long-range communication models for Type III restriction
enzymes single molecule magnetic tweezers and bulk solution DNA cleavage assays (see section
4.2) were carried out, previous to this work, in our research group and the research group of Prof.
Mark Szczelkun at the University of Bristol. Especially the magnetic tweezers experiments led to
novel findings concerning the communication mechanism. Those findings are in conflict with the so
far proposed communication models. In the magnetic tweezers experiments single DNA molecules
containing two target sites in an inverted orientation were stretched under different forces (see section
2.2.1). This allowed to control the DNA conformation by external force and to inhibit loop formation
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Figure 1.7: Comparison of DNA cleavage rates on inverted sites using single molecule and bulk solution
assays. (A) Highly-parallel magnetic tweezers assay (see section 2.2.1 and ref. 12. (inset) DNA molecules are
bound at one end to the flow cell surface and at the other end to magnetic microspheres. A pair of permanent
magnets is used to apply a stretching force. DNA length is determined by tracking the microsphere position
using video microscopy. An example cleavage experiment using EcoP15I and a Tail-to-Tail DNA is shown,
with the simultaneous tracking of 19 DNA molecules. z is uncorrected for the incomplete DNA stretching at F
=1.5 pN. During the period marked “flush”, EcoP15I and ATP were introduced into the flow cell. Subsequent
DNA cleavage events are readily identified by the apparent rapid DNA lengthening which represents loss of
microsphere tracking. The expected change in z for the case a loop was formed to overcome the distance
between the sites is indicated by the red arrows. None of the profiles showed this change (for further details
see ref. 15). (B) Cleavage kinetics for the Head-to-Head substrate at the four forces measured, compared
with the cleavage kinetics obtained in bulk experiments (see illustrations at the right). For the bulk data the
same substrate was used as in the tweezers experiments, which was either simply linearized or linearized with
streptavidin attached to the ends (for further details see ref. 12).
between the target sites of the enzymes.
Contrary to the expectation, only DNA cleavage, but no loop formation was observed in the single
molecule cleavage experiments (see figure 1.7A) [12]. The single molecule measurements showed
that the rate of DNA cleavage is force-independent (see figure 1.7B). These observations provided
strong evidence for a pure 1D communication mechanism along the DNA contour and contradicted
the 3D looping hypothesis. Additionally to the single molecule observations the bulk cleavage assay
shows that the communication process is bidirectional. It was found that the DNA cleavage rate on
linearised plasmid DNA was extremely low (O), while if the magnetic tweezers DNA configuration
is reproduced by blocking the DNA ends with a bulky protein roadblock the cleavage efficiency of
the single molecule experiment was obtained (H). This shows that the enzymes do not only interact
between the target sites, but also with the ends.
Based on these observations, an alternative scheme in which ATP hydrolysis by an enzyme at a target
site initiates a diffusive bidirectional motion on DNA was proposed (see figure 1.8) [12, 15]. In this
model diffusion does not require ATP hydrolysis and maintains the orientation of the enzyme on the
DNA as set by the direction of the target site.
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Cleavage occurs once a diffusing enzyme collides “head-on” (i.e. in a Head-to-Head manner) with
a second enzyme that is bound to its target site (see chapter 3, ref. 15,16b). This diffusion-collision-
model can account for the low ATPase activity during cleavage, the site orientation selectivity, the
force-independent cleavage and the inhibitory effect of open DNA ends (see chapter 3). Nonetheless,
the actual communication model for Type III restriction enzymes is still being debated [13, 14, 55,
56].
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Figure 1.8: Diffusion-collision-model for Type III restriction enzymes. Model for the intersite communication
by Type III restriction enzymes based on 1D diffusion. (i) Enzymes (grey ovals) bind to their asymmetric sites
(triangles) in the orientation of the target site with a concentration dependent rate kbind. (ii) An enzyme switches
triggered by ATP hydrolysis into the diffusing state (orange ovals) with rate kslide. The diffusive enzymes disso-
ciate from DNA during sliding with rate ko f f or fall off from the DNA if they reach the DNA end with rate ko f f ,end.
(iii) Upon binding of the second enzyme, 1D diffusion is stopped on head-on collision with a second enzyme in
the target site bound state. For Head-to-Head DNA substrates (left) only those enzymes that are diffusing in the
leftward region are available to form a cleavage complex [12], while for Tail-to-Tail DNA substrates (right) only
those enzymes that are diffusing in the rightward region are available for direct head-on interaction to form a
cleavage complex [15, 16]. (iv) Both enzymes in the cleavage complex cooperate in a process, which probably
relies on ATP [11] hydrolysis to produce DNA cleavage with a rate kcleave. (v) Cleavage products.
bRef. [16]: Schwarz, F. W., van Aelst, K., To´th, J., Seidel, R., Szczelkun, M.D. 2010. DNA cleavage site selection
by Type III restriction enzymes provides evidence for head-on protein collisions following 1D bidirectional motion.
Nucleic Acids Res, 39(18), 8042-51.
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1.4. Objectives of the thesis
The major goal of this thesis is to test the proposed diffusion-collision-model for the long-range
communication of Type III restriction enzymes between their distant target sites (see figure 1.8). In
addition the role of ATP hydrolysis during the initiation of this process shall be elucidated. The latter
point is highly relevant to ATPases that are essential in DNA repair processes, such as mismatch and
nucleotide excision repair.
In order to address these questions single molecule techniques offer an excellent complement to bulk
techniques to unravel the function and mechanism of enzyme-DNA interactions. The DNA short-
ening and cleavage induced by restriction enzymes were measured in optical and magnetic tweezers
experiments. However, since only DNA length is probed these methods do not or only indirectly
allow to observe enzyme binding and non-force producing motion along the DNA.
To directly visualize the motion of Type III restriction enzymes on DNA the development of a suit-
able single molecule assay is an essential requirement of this study. From this the following sub-goals
were defined:
Development of a setup combining magnetic tweezers with single molecule TIRF-microscopy
Within such a setup the magnetic tweezers allow to manipulate and to measure the length of sin-
gle DNA molecules, while simultaneously TIRF-microscopy provides the possibility to visualize the
binding and movement of fluorescently labelled enzymes (see figure 1.9).
Development of magnetic tweezers that allows a “sidewards” stretching
Since the evanescent field is only few hundred nanometres deep, it is necessary to stretch the DNA
sidewards, i.e. perpendicular to the optical axis of the system. Therefore the sidewards stretching
angle between DNA and substrate surface is demanded to be smaller than 10◦. For this a suitable
magnet configuration has to be designed.
Preparation of long DNA substrates
The sidewards stretching angle is limited by the radius of the magnetic bead and the length of the
DNA. The size of the magnetic bead is fixed (0.5-1 µm in diameter). Therefore only the DNA length
is an accessible parameter. As a consequence the DNA has to be longer than 17 kbp ( ≈ 5.7 µm).
Development of an efficient fluorescent labelling of Type III restriction enzymes
In order to detect the motion of enzymes on DNA by TIRF-microscopy, fluorescently labelled en-
zymes are required. This shall be achieved by using a biotin-labelled enzyme and the attachment of a
streptavidin conjugated fluorescent probe, e. g. quantum dot (Qdot) or Alexa488.
10
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Magnet
 
Figure 1.9: Illustration of the single molecule assay to directly visualize enzyme movement along DNA. Within
this experimental configuration a long DNA molecule (black line) is attached to a magnetic bead (grey sphere)
on the one end and to the substrate surface on the other end. The magnetic bead is pulled sidewards using a
single magnet in order to align the DNA molecule to the evanescent field (blue) of a TIRF-microscope. Fluores-
cently (green when within the evanescent field) labelled enzymes (grey and orange ovals) freely diffuse in the
solution or are bound to the DNA.
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2. Combining magnetic tweezers with
TIRF-microscopy
In this chapter the construction of a setup that combines magnetic tweezers with single molecule flu-
orescence imaging is presented. The setup allows the manipulation and tracking of multiple magnetic
beads (up to 4) and the simultaneous acquisition of fluorescence images in a synchronized manner.
Using a capillary with (sub-)millimetre-sized rectangular cross-section and a small magnet that is
placed sidewards next to the capillary, it is accomplished to stretch single DNA molecules that are
tethered to magnetic beads (0.5-1 µm diameter) sidewards in almost perpendicular orientation with re-
spect to the optical axis of the objective (see figure 1.9). This allows to directly image single stretched
DNA molecules using TIRF-microscopy. At the end of the chapter two applications of the dual setup
are presented, e.g. a method that allows for correction-free measurements of arbitrary axial field dis-
tributions (e.g. exponentially decaying evanescent field) and the direct visualization of the movement
of single Type I restriction enzyme EcoR124I on vertically stretched DNA. Furthermore the dual
setup is used to study the long-range communication mechanism of Type III restriction enzymes (see
chapter 4).
2.1. Simultaneously performed force spectroscopy and single
molecule fluorescence imaging
Single molecule force spectroscopy and fluorescence imaging methods have been used in many as an
excellent complement to bulk techniques, to unravel the function and mechanism of a variety number
of DNA interacting enzymes. Especially, single molecule force-based methods, e.g. optical and mag-
netic tweezers, have emerged as excellent tools to investigate forces and directed motions associated
with enzymatic activity on DNA. However, since only DNA length is probed, these methods do not
or only indirectly allow the observation of enzyme binding and non-force producing motion along the
DNA (see ref. 57 for an overview about this topic).
On the other hand single molecule fluorescence imaging techniques, e.g. confocal or wide-field flu-
orescence microscopy, were used very successfully to directly localize and follow the dynamics of
fluorescently labelled enzymes on DNA (see ref. 58–60).
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In general force- and fluorescence-based approaches can provide highly complementary information,
in particular if carried out simultaneously. However, the technical challenges involved have limited
the number of successful combinations of these single molecule techniques (see reference [61] for an
overview about previous approaches).
One main limitation of most of the approaches so far was that either the degree of force control was
high (<1 pN), while the enzyme concentrations were limited to <1 nM [62–64] or it was possible to
carry out measurements under enzyme concentrations up to 10 nM, but the degree of force (>5 pN)
control was low [65–68]. Furthermore, the synchronized operation of force spectroscopy and fluores-
cence imaging methods were often not possible due to the lack of a corresponding setup controlling
software. To perform measurements under a high degree of force control with the ability to work
under enzyme concentrations of up to 10 nM, a new setup was built that combined magnetic tweezers
with single molecule TIRF-microscopy.
Within this setup, the magnetic tweezers allow to manipulate and to measure the length of single
DNA molecules, while simultaneously performed TIRF-microscopy provides the possibility to di-
rectly visualize the DNA bound enzymes. With this combination of methods it is possible to directly
discriminate between different modes of enzymes motions on DNA and to correlate the enzyme bind-
ing and movement with the enzyme activity (e.g. the cleavage of DNA by restriction enzymes).
2.2. Instrumentation
This section is focused on the general principle and technical considerations of combining magnetic
tweezers, fluorescence microscopy and single molecule detection and tracking. The presented mea-
surements and characteristics were obtained with the combined setup, unless stated otherwise.
2.2.1. Magnetic tweezers
The magnetic tweezers technique has already been well established in our laboratory. Several detailed
descriptions of the experimental implementation of the instruments, which were built in the labora-
tory, are reported in the following references [69–72]. For this reason only the main principles of the
magnetic tweezers technique are presented in this thesis.
Magnetic tweezers are a technique to study the mechanical properties of biomolecule in real-time,
such as single dsDNA molecules [73, 74] or complex DNA-origami constructs [75]. Magnetic
tweezers experiments are performed by applying forces on biomolecules of interest through a super-
paramagnetic particle (also called magnetic bead) and a magnetic field gradient. For this the biomolecules
are tethered between the substrate surface of a fluidic cell and a magnetic bead (see figure 2.1). Using
this technique it is possible to study biological processes under the influence of a stretching force
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Figure 2.1: Schema of a basic magnetic tweezers
experiment. A single DNA molecule is tethered be-
tween the substrate surface and a magnetic bead
(grey sphere). The DNA is labelled at one end
with biotin to allow specific attachment to a strep-
tavidin coated bead. The other end is labelled with
digoxigenin to allow binding to the anti-digoxigenin
covered surface (see enlarged views). Using rotat-
able and height-adjustable magnets (golden-yellow
cubes), force and torque can be applied to the teth-
ered DNA molecule. The magnetic force acts per-
pendicular to the magnetic field lines (dashed black
lines) in the direction of the magnet field gradient.
The magnetic bead is imaged in overfocus. The il-
lumination light is scattered on the magnetic bead
and the resulting diffraction pattern is recorded with
a CCD-camera (see figure 2.2) and evaluated in real-
time by a software, that determines the 3D bead po-
sition.
(applied in numerous studies, e.g. for Type III restriction enzymes see section 1.3). The experiments
are carried out in a liquid environment within a fluidic cell (flow cells) [71]. The concept of magnetic
tweezers is based on the effect that a magnetic particle, experiences in an external magnetic field a
force proportional to the gradient of the absolute value of the magnetic field ( ~F ∝ ∇|~B|) [72]. Magnetic
tweezers are capable of exerting forces, ranging from 10 fN to 100 pN and can be used to manipulate
and, importantly, rotate magnetic particles with diameters between 0.5 and 5 µm. The concept of a
magnetic tweezers setup is shown in figure 2.1. For the generation of force on the magnetic bead
(typically super-paramagnetic) a pair of permanent magnets (golden-yellow cubes) is placed above
the sample holder of an inverted microscope. The force is controlled by moving the magnets in the
axial direction. Rotation of the magnets causes also the magnetic bead to rotate. A microscope objec-
tive images the bead onto a charge-coupled device (CCD-) camera. From the images the 3D positions
of the magnetic beads are determined in real-time using a custom written software in LabView (for
details see ref. 72). The lateral positions are determined using the symmetry of the bead image along
these axes, whereas for the axial position the diffraction pattern, which depends on the focal position
of the bead, is used (see figure 2.2).
Figure 2.2: Ring-pattern of a magnetic bead at different focus positions and fix object position. (Left) under
focus to (right) over focus. The diffraction pattern is used to determine the axial position of the magnetic bead
[72].
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For this, a set of reference images is taken at well defined focal positions and used as calibration.
During a measurement the radial profile of the bead image is then constantly compared to the reference
images and the axial position is interpolated.
In order to compensate thermal drift (in the order of several 100 nm) and other external noise sources
(e.g. vibration of the building, ventilation), a non-magnetic stationary bead (reference bead) on the
substrate surface of the flow cell is imaged and simultaneously processed during the measurements.
The position of the reference bead is subtracted from the position of the magnetic bead in all three
dimensions. This allows the correction of the substrate surface drift.
Tracking accuracy of the magnetic tweezers
In this thesis, the magnetic tweezers is used for two tasks. The first task is the manipulation and
length measurement of single DNA molecules. The second task is to establish an autofocus during
the measurements. For this, the focal position of the reference bead on the substrate surface is actively
controlled by an algorithm implemented in the real-time tracking software. The operation of such a
feedback is directly related to the combination with TIRF-microscopy to allow stable measurements
for long times (>1 min), without losing the original focus position over time. This will in particular
be important for the correlation of the intensity changes in fluorescent images with translocation of
fluorescent probes through the evanescent field of the TIRF-microscope (as shown in section 2.4.1).
Therefore the tracking accuracy of the setup was investigated. The tracking accuracy is limited on one
hand by the image quality (signal-to-noise ratio, sharpness of the diffraction pattern) and the acquisi-
tion frequency of the CCD-camera (here 120 Hz). On the other hand it is also limited by the intrinsic
setup noise (e.g. building vibrations, thermal instabilities, mechanical instabilities, ventilators, and
so on). The common way to investigate spatial resolution limits of a magnetic tweezers setup is to
measure two reference beads differentially. Figure 2.3 shows the typical tracking accuracy obtained
in such a measurement. Here, one reference bead is used for the drifted correction and focus feed-
back, while the other bead is measured as the magnetic bead. The graph shows the drift corrected
xyz-position fluctuations of the ”magnetic bead“ as function of time. The root mean square displace-
ment (RMS) amplitude of the fluctuation is calculated from the time traces. In axial direction an RMS
amplitude of 0.9 nm is obtained, while in the lateral directions the RMS values are 2.5-fold higher
(xRMS = yRMS ≈ 2.5 nm). The observation of a difference between noise along the lateral and the axial
directions is typical and results from the fact that the reference beads are typically not completely
fixed (and tumble more laterally than axially).
The investigation of the tracking accuracy shows that the magnetic tweezers in the combined setup
allow to measure position changes between the reference bead and the magnetic bead in the order of
few nanometres. Furthermore it shows that the tracking of the reference bead can be used to establish
a nanometre precise focus autofocus.
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Figure 2.3: Typical spatial resolution of the magnetic
tweezers in the combined setup. The graph shows
the difference coordinates two differentially tracked,
surface attached non-magnetic beads as function of
time. The experiments were carried out using 3 µm
polystyrene beads in PBS and a CCD acquisition fre-
quency of 120 Hz.
Force determination and manipulation of single DNA molecules
As shown in figure 2.1 the end-to-end distance of single DNA molecules (distance between the sub-
strate surface and the magnetic bead) can be manipulated by exerting forces on the magnetic bead.
The exerted force depends on the distance between the magnetic bead and the permanent magnets.
The exerted stretching forces can be directly calibrated by analysing the Brownian fluctuations of the
tethered bead, which is equivalent to a damped pendulum of length l = 〈z〉 at which a force F acts.
That force gives rise to a transverse restoring force. The force acting on the bead can be obtained
by F = kbT 〈z〉 / 〈δx2〉, where 〈δx2〉 the mean square displacement of the bead, kb is the Boltzmann
constant and T is the temperature [76]. A detailed description how 〈δx2〉 is calculated using the power
spectral density of the bead fluctuations is given in ref 71.
By using a 3.6 µm long DNA construct (pSFVI, see ref. 52) attached to ”MyOne“ magnetic beads,
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Figure 2.4: Force calibration in magnetic tweezers. (A) Force-extension curve of a 3.6 µm long DNA molecule.
The graph shows the dependence of the DNA end-to-end distance as function of the stretching force ( • ). The
data points were fitted (—) with the extended Worm-like chain model. (B) Force versus magnet distance. The
graph shows the DNA stretching force as function of distance between the magnetic bead and the permanent
magnets ( • ). The data points were fitted (—) with equation 2.1.
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the force as a function of the position of the magnets is measured. Figure 2.4B shows that the force
exponentially decreases with the distance between the magnetic bead and the permanent magnets. A
maximum force of 7 pN, a minimum force 6 fN and a magnetic decay constant dm = 4.8 is determined
by fitting the data with
F(x) = F0 · e−x·ln(dm) − Fo f f , (2.1)
where F0 is the maximum force and Fo f f the surface repulsing (minimum force). The magnetic decay
gives the force change after a movement of the permanent magnets by 1 mm. If applying a typical
measurement force of 1 pN, the resulting force change on the magnetic particle that moves in axial
direction by 10 µm is only 0.05 pN. Due to this it is possible to perform experiments at practically
constant force. The force versus magnet position curve (figure 2.4B) can be used to determine the
force at any magnet position. The experiments were repeated for several beads to investigate the
variability of the maximum force from bead to bead (see tables B.1 for ”MyOne“ beads, for B.2
MagSense beads). For 1 µm ”MyOne“ beads a typical force variability of 10% (mean of 6.6 pN)
is found, whereas for 0.5 µm ”MagSense“ beads a force variability of 26% (mean of 10.5 pN) is
found. Simultaneously to the force as function of magnet distance, the end-to-end distance of a
single DNA molecule is measured to determine its force extension behaviour (see figure 2.4 A). This
force-extension curve is then fitted with theextended Worm-like chain model [72] to determine the
persistence length (p = 49 nm) and the total DNA length (L = 3.6 µm).
2.2.2. Total internal reflection fluorescence microscopy
Total internal reflection fluorescence is a widefield microscopy technique that provides selective ex-
citation of fluorophores in an aqueous environment in proximity of a substrate surface and without
exciting fluorescence in regions further away from the surface [77]. Depending on the excitation
wavelength and the numerical aperture of the objective, the dimensions of the thickness of the exci-
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Figure 2.5: Schematic representation of the generation of an evanescent field. (A) Total internal reflection at the
boundary between two media with different refraction indices (n1>n2). Red: Total internal reflected (TIR) wave
(θ>θC), blue: Refracted wave (θC<θC). (B) The evanescent field intensity exponentially decays with increasing
distance from the interface according to equation 2.3 (image is adapted from ref. 78).
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tation layer, which is called the evanescent field, along the axial direction (optical axis) are limited to
few hundred nanometres. The advantage of such a small illumination volume is that the background
fluorescence can be more than 2000-fold lower than during imaging with conventional widefield
epifluorescence microscopy [79]. This results in a high signal-to-background ratio. Further, more vir-
tually no out-of-focus fluorescence is collected. This allows to visualize single fluorescent molecules
near a surface, while the total concentration of fluorescent molecules in the bulk solution can be rela-
tively high (up to 10 nM).
The evanescent wave is generated when a light wave undergoes a total internal reflection at the bound-
ary of the wave from a higher refractive index n1 to a lower refraction index n2. For this the angle of
incident θ must be larger than the critical angle θC (see figure 2.5A), which is given by:
θC = arcsin
(
n2
n1
)
. (2.2)
For incidence angles smaller than the critical angle θC most of the light propagates through the inter-
face with a refraction angle given by Snell´s law (conventional widefield illumination). For incidence
angles greater than the critical angle all of the light reflects back into the substrate surface. While in
the classical sense the entire energy of the incoming wave is redirected to the totally reflected wave,
quantum mechanics requires that a portion of the energy penetrates through the interface and propa-
gates parallel to the surface in the plane of incidence. This field is commonly referred to as evanescent
field and is capable of exciting fluorescent molecules that might be present near the substrate surface.
The intensity Iex of the evanescent field decreases exponentially with the distance to the substrate
surface z:
Iex (z) = I0 · e− zd(θ) (2.3)
with
d (θ) =
λ
4pi
√
n21sin
2θ − n22
, (2.4)
where λ is the wavelength of the incident light in vacuum. The penetration depth d is independent
of the polarization of the incident light and decreases with increasing θ. Except for θ = θC (where
d → ∞), d is in the order of λ or smaller. The theoretical dependence of the penetration depth d on
θ can be derived from classical electrodynamics as [77, 80]. A wide range of optical arrangements
for TIRF-microscopy has been developed [81, 82]. In some configurations a prism to direct the light
towards the total internal reflection at an interface is used, while in others a high numerical aperture
(NA< 1.4) microscope objective is employed. In this thesis the second approach with a high numerical
aperture (NA = 1.49) microscope objective is used. For this objective and the typical refraction indices
of n1 = 1.523 for the substrate surface (coverslide) and n2 = 1.33 for water, a critical angle of θC =
60.8◦ is obtained. For a review of TIRF-microscopy and technical details, see ref. 78, 81, 83. Further,
a detailed theoretical background to TIRF-microscopy is presented in ref. 77.
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2.2.3. Single molecule fluorescence detection
Single molecule fluorescence microscopy is currently one of the most popular methods in the single
molecule toolbox. In this thesis single molecule fluorescence microscopy is used to visualize and
follow the interaction of single fluorescently labelled Type III restriction enzymes with DNA.
Because of the low background and the high signal-to-noise ratio, laser-induced fluorescence became
the most widely used method to detect single molecules in the last 20 years [84]. The basic prin-
ciple of laser-induced fluorescence is that a molecule absorbs energy from an incident photon (laser
wavelength is in resonance with the molecule absorption) and then re-emits after a few nanoseconds
a photon of lower energy (longer wavelength) [85].
The central problem of detecting a single molecule surrounded by a large number of nominally trans-
parent solvent molecules requires two steps: (i) ensuring that only molecules of interest in the de-
tection volume are in resonance with excitation laser and (ii) ensuring that the signal from the single
molecule is greater than any background signal. Therefore, apart from the fluorescence microscope
itself the choice of the fluorescent probe with the corresponding laser excitation and the detection of
the emitted fluorescence photons are essential.
Quantum dots as fluorescent probes
To investigate enzyme-DNA interactions on a long time scale (up to 30 min) with a high temporal
resolution (50 ms) quantum dots (Qdot) were chosen as fluorescent probes. The main advantage of
Qdots in comparison to organic dyes are: (i) the high photostability (up to hours); (ii) the freely
selectable emission wavelengths (400-1400 nm), (iii) the narrow emission bandwidth (30-50 nm) and
(iv) the high excitation coefficient (0.3·106 - 5·106 (M·cm)−1) [86–88].
Points (ii) to (iv) are particularly advantageous for single molecule detection, because they allow to
reduce the contributions of background autofluorescence of the background signal by a factor of more
A B FITC
(x5)
GFP Strep
IgG Qdot
Figure 2.6: Properties of Qdots. (A) Absorption (up-
per curves) and emission (lower curves) spectra of
four CdSe/ZnS Qdot samples. The blue vertical line
indicates the 488 nm laser line. (B) Size compari-
son of Qdots with fluorescein isothiocyanate (FITC);
green fluorescent protein (GFP); streptavidin (Strep);
immunglobulin G (IgG); Qdot (with emission maxi-
mum at 600 nm). The final size of Qdot conjunction
with streptavidin corresponds to a bead with a diam-
eter of about 20-30 nm. Images taken and modified
from ref. 86.
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than 20. For this the Qdot emission wavelength (here 625 nm) is chosen far away from the wavelength
of the excitation laser (here 488 nm) and an emission filter with only 30 mm width is used (see figures
2.6 and B.4). Further, the higher excitation coefficient allows to carry out the experiments at lower
excitation laser powers.
Single molecule detection using an EMCCD-camera
The use of electron multiplying charge-coupled device (EMCCD-) cameras allows the imaging of
single fluorescent probes with almost single photon sensitivity. For this, EMCCD-cameras combine
a quantum efficiency of >92% with extremely low detection noise (readout noise (<1 e−), dark-noise
(≈ 0.005 e−/s)). Furthermore these cameras allow fast imaging (e.g. 32 ms per 512 × 512 pixel frame
in the dual setup). The three essential elements and the basic concept of EMCCD-cameras are shown
in figure 2.7.
All EMCCD-cameras are based on charge-coupled devices (CCD) (similar to those used in stan-
dard digital photo cameras). The cartoon in figure 2.7A shows the concept of the serial readout in
charge-coupled devices. Pixels comprising the parallel and serial registers of a CCD are represented
as buckets containing varying amounts of signals. They are transported in a stepwise fashion. When
the serial register is empty, the row of buckets at the edge of the parallel register transfers its contents
to the single row of empty buckets on the serial register, which moves its single row of buckets to an
converter [89].
The central element allowing fast imaging with an EMCCD is the frame-transfer technique. It allows
the simultaneous exposure and the readout of the chip (see figure 2.7B). To achieve this, one half of
the CCD chip is masked by an opaque cover. This dark area of the chip is used as a storage buffer.
After an interval of exposure, all charges of the pixels on half of the chip are transferred to pixels on
the storage side in less than 5 µs; the storage array is subsequently read-out while the image array is
being exposed for the next picture.
Aside from the cooling of the CCD chip (-80◦C) to reduce the dark noise (bias noise and thermal
noise), the primary advantage of an EMCCD is to provide a mechanism to improve the signal-to-
noise ratio for signal levels below the CCD read-noise floor. For this, an electron multiplying struc-
ture, which is effectively, a charge amplifier, is positioned between the end of the read-out register and
the on-chip charge to voltage conversation (often referred to as ADC - analogue to digital converter)
(see figure 2.7B). This multiplying register amplifies the collected photoelectrons before the charge is
transferred to the on-chip ADC, which reduces the read noise relative to the signal, by the multiplica-
tion gain factor. The structure of the multiplication register differs from regular shift registers in that
the full-well capacity is increased and electrons are accelerated from element to element in the multi-
plication register by application of a much higher clock voltage at selected transfer electrodes. When
charge is transferred by applying a ”higher than normal“ voltage, secondary electrons are generated
in the silicon due to impact ionization. In the multiplying register, each stage comprises four gates,
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Figure 2.7: Schema of the basic concept of EMCCD-cameras. (A) Charge-coupled device (CCD) (Sketch
taken from ref. 89). (B) Frame-transfer CCD (adapted from ref. 90), (C) On chip electron multiplication. (Image
taken from ref. 91)
three of them are clocked as in the conventional 3-phase structure, and the fourth (between phases 1
and 2) being held at a low fixed direct current (DC) potential (see figure 2.7C).
For a more detailed and very intuitive presentation of working principles and features of EMCCDs
see ref. 90, 91.
In this work an iXon DU897-COO-BV EMCCD-camera from Andor Technology (Belfast, UK) was
used. The camera is equipped with a linear gain, which allows a direct conversion of the measured
intensity in arbitrary counts into incident photons by the following expression:
Incident photons =
(counts − baseline offset) · pre gain · ADU
EM gain · QE , (2.5)
where the baseline offset is an applied DC offset added to the output signal from the EMCCD sensor
to ensure that the displayed signal is always a positive number of counts and within a stable regime
of the output amplifier. It is important to note that the DC offset does not add any noise to the final
measured signal. However the baseline offset depends on the EM gain and is independent from the
exposure time (see figure B.2).
The pre gain gives the number of electrons per ADC count, and is used to enhance the dynamic range
of the camera. In contrast to the pre gain the ADU denotes the conversion factor from analogue to
digital units. This factor is relate a specific number of photoelectrons which were originally generated
from photons one digital unit. For the used camera ADU = 12.02 was obtained. To obtain this
value, the variance of the intensity was measured as a function of the mean intensity (see figure B.3,
ref. 82; figure B.3A shows that the noise with the EM gain turned on is a factor of two larger than
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without gain). The EM gain is the linear multiplication factor of the camera signal before it enters
the ADC, and QE is the quantum efficiency of the camera at the wavelength of interest (usually
around 95% [92]). If the quantum efficiency is not taken into account (QE =1) the number of photons
measured by the EMCCD is obtained by formula 2.5. The number of detected photons is important
to estimate the shot-noise contribution on the measurement signal, which is proportional to the square
root of the measured number of photons. The shown camera characteristic were investigated as part
of the diploma thesis of Christoph Folgner [70], which was carried out under my supervision between
January 2010 to February 2011.
2.2.4. Single fluorophore tracking
The trajectories of single fluorescent particles are determined from the fluorescence image sequences.
For this, the intensity profiles of single fluorescent dots are detected by thresholding. The profile is
than fitted by a symmetrical two dimensional Gaussian given by:
I(x, y) =
A
2piσ2
· exp
[
− (x − x0)
2 + (y − y0)2
2σ2
]
, (2.6)
where x0 and y0 denote the coordinates of the maximum of the Gaussian, A is the amplitude and σ is
the standard deviation of the Gaussian, which is related to the full-width half-maximum (FWHM) by
σ = FWHM/2
√
2ln(2). The fluorescent particle position is than given by x0 and y0. Subsequently,
the positions in the single frames were concatenated to obtain the trajectories of single fluorescent
particles as function of time (see figure 2.8). In figure 2.8C the xy-positions of a Qdot sticking to
the substrate surface and of a Qdot attached to an enzyme, which is bound to a fixed position on a
laterally stretched DNA are shown. The distribution of the xy-positions for the surface attached Qdot
are symmetrical. The variance of the distribution in both directions is σ2x,sur f ace = σ
2
y,sur f ace = 81 nm
2.
The xy-positions of the Qdot attached to a DNA bound enzyme are asymmetrically distribution. The
variance in the x-direction (i.e. along the DNA) is σ2x,DNA = 120 nm
2, i.e similar to the surface
attached Qdot. In contrast, in y-direction (i.e. perpendicular to the DNA axis) the distribution is much
broader due to the Brownian fluctuations of the magnetic bead. This the variance (σ2y,DNA = 2500 nm
2
in the given example) depends on the applied force and the position on the DNA. The asymmetric
distribution of the positions of DNA attached Qdots allows an easy identification of DNA bound
enzymes in the fluorescence images even optical inspection.
The tracking of single fluorescent particles was performed using a self-written LabView software
(code can be supplied on request). For more complex tracking tasks of multiple fluorescent particles
close to each other the single molecule particle tracking software FIESTA [93] was used.
For the dependence of the tracking accuracy on the number of detected photons, the motion of the
fluorescent particle and the background noise see ref. 94, 95.
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Figure 2.8: Process chart of the single fluorophore tracking. (A) Image sequences of a single fluorescent
particle. (B) The fluorescence intensity profile of each frame is fitted by a 2D-Gaussian distribution. The
fluorescent particle position is determined by the maximum of the Gaussian peak. (C) Projections of the
measured xy-positions of a single Qdot sticking on the substrate surface (left) and attached to an enzyme,
which is bound at a fixed position on laterally stretched DNA (right). The position of the DNA bound Qdot is
correlated to the fluctuations of the magnetic bead. The sketches on top of the graph illustrate the two situations.
(D) Trajectory of a single Qdot labelled EcoP15I enzyme, which diffuses along the DNA showing the enzyme
displacement along the DNA (x-axis) as function of time. The xy-position (x along the DNA, y perpendicular to
the DNA axis) between 25 s and 125 s (grey area) are shown in (C) on the right side.
2.3. Combined setup: Development and construction
An essential part of the project was the construction of a new setup combining magnetic tweezers
with objective-type total internal reflection fluorescence microscopy. The design aim was to combine
magnetic tweezers with TIRF-microscopy without significantly compromising the capabilities of ei-
ther technique. The instrument is based on a vertical magnetic tweezers design (see figure 2.1, [76]),
where mainly the detection pathway was adapted. Figure 2.9 shows a scheme of the optical layout.
The instrument components can be assigned to five central elements (indicated by the large numbers).
A complete list of all used components is given in the tables in the attachment C.1.
The magnetic tweezers (elements 1 and 2) are constructed similarly to already existing setups of the
workgroup, see ref. 72). The magnetic beads are illuminated with a 660 nm resonant cavity LED
which is directly imaged onto the fluidic sample cell. The illumination is done with a rather low
numerical aperture (NA ≈ 0.05) to ensure diffraction patterns of µm-sized beads with a high contrast.
The beads are imaged within a conventional widefield microscope configuration, using a high nu-
merical aperture objective. For this, the LED light passes the dichroic mirrors DC1 and DC2 and is
focused by lens L3 onto the chip of a CCD-camera (3).
(3) The TIRF-microscope comprises a 488 nm diode-pumped solid-state laser (DPSS), which is ex-
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Figure 2.9: Schematic optical layout of the combined setup. (not all components displayed). The instrument
can be divided into 5 central elements (indicated by numbers): (1) Conventional widefield illumination using
a resonance cavity LED (660 nm) that is imaged on the sample; (2) CCD-camera to record the conventional
widefield illumination signal for tracking of µm-sized particle; (3) TIRF-illumination based on a 488 nm DPSS-
laser that is focused in the back-focal plan (BF) of the TIRF-objective. The parallel displacement from the optical
axis can be adjusted by the gimbal-mount M5; (4) fluorescence detection unit using an EMCCD-camera and the
ability to switch between different detection band-pass filters BP3 (525±26 nm, 625±15 nm or 550±100 nm):
(5) Height and rotation adjustable magnets for the horizontal and vertical magnetic tweezers. Light pathways
are indicated for the LED (red line), scattered LED light, starting from the objective (light red), fluorescence
excitation laser (turquoise line) and fluorescence emission (light green). Lenses with different focal lengths
are indicated with L1 = -35 mm, L2 = -50 mm, L3 = 200 mm, L4 = 125 mm, L5 = 4.6 mm, L6 = 75 mm, L7
= -225 mm. An electronic shutter provides automatic control of the fluorescence excitation. Multiple optical
filters (long-pass filter (LP) and dichroic mirror (DC)) isolate the LED (LP1) and block the excitation laser (LP2)
(full optical filter set is shown in figure B.4). Multiple irides are used to adjust the two excitation and emission
pathways to each other, the slit iris is used to define the area of laser excitation.
panded with a three-lens-Galilean telescope to beam radii between 8-14 mm. The laser beam is
focused in the back-focal plane (BF) of a 100x Nikon TIRF-objective by lens L4 and reflected by
a dichroic mirror (DC1). The penetration depth of the evanescent field can be varied by changing
the angular position of the gimbal-mount (M5), which is positioned on the focal plane of lens L4
[96]. A calibration of the laser angle of incidence as function of the beam displacement is shown in
section B.6 figure B.5. Furthermore the laser beam is modified by including a λ/4 wave plate and a
rectangular slit. The λ/4 wave plate changes the linear polarization of the laser light into a circular
polarization. By this the intensity variation due to polarization-dependent excitation of the fluorescent
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dyes can be reduced [97]. The rectangular slit is used to adjust the size of the illumination field to
the size of the field of view (see figure B.6A). The laser power density at the sample position can be
adjusted between 2 W/m2 and 4·105 W/m2. A calibration of the excitation laser power density at the
fluidic sample cell position is shown in section B.7, figure B.7.
The fluorescence emission from the sample that passes through the dichroic mirror DC1 is reflected
by the dichroic mirror DC2 and then focused by lenses L3 and L7 (effective focal length = 310 mm)
on an EMCCD-camera (4). The Nyquist rate (optimal pixelation for the detection of single fluores-
cent particles) was calculated with the online Nyquist Calculator see ref. 98. It was found that the
optimal pixel size is 103 nm for fluorescence emission in the range from 500 nm to 640 nm.
To ensure the simultaneous use of two different optical detection methods the focal positions of the
two cameras (3) and (4) had to be adjusted. For fluorescent imaging, the object is imaged in focus
while for magnetic tweezers the object must be imaged in overfocus (see section 2.2.1). To gener-
ate the required focal offset between the two cameras, both cameras were mounted on rails. Due to
this, their distance to the tube lens can be variably adjusted (lens L3, respectively L3 + L7). This
allows the generation of the focal offset between the two cameras. The figures B.9A and B.8A show
the focus offset between the two cameras as function of their position on the rail. Furthermore, the
magnification of the microscope depends on the rail position. The resulting pixel size as function of
the rail position is shown in figures B.8B and B.9B. In order to provide the optimal single fluorescent
particle detection conditions the magnification of the EMCCD-camera was set to a pixel size of 103,0
nm (EMCCD rail position 4.5 cm, see figure B.9). The CCD-camera is set to 0 cm rail position to get
an focus offset of 5.5 µm (sufficient for magnetic tweezers measurement with up to 3.5 µm long DNA
molecules), with a corresponding pixel size of 96.3 nm.
Above the fluidic cell (5) a pair of permanent magnets can be translated in vertical direction to gen-
erate different stretching forces along the optical axis on the DNA construct and rotated for twisting.
Furthermore the instrument allows to stretch single DNA molecules sidewards in almost perpendic-
ular orientation with respect to the optical axis of the objective. For this the instrument is equipped
with a second magnet stage, see section 2.3.3.
2.3.1. CAD based instrument development and construction
In order to avoid planning errors and account for the space requirements of the two different single
molecule techniques the instrument was first constructed with a CAD-software (Solidworks) on the
computer (see figure 2.10). Engineering drawings of the combined setup or parts are available upon
request. Figure 2.10 shows a comparison between the CAD model and the final instrument. The
instrument is rather compact and fits on a 75 × 75 cm sized optical table. The objective is mounted on
a vertical translation stage (5 mm range). This enables a high flexibility of the instruments in terms
of comparability with different objective manufactures and sample holders.
Furthermore the fluorescence detection unit (4) is designed in a way to allow an easy expansion
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Figure 2.10: CAD model and the final combined instrument. (A) CAD model of the combined instrument.
Essential elements of the instrument are indicated by numbers: For the numbers (1) to (4) see figure caption
2.9; (5) Sample holder for the flow cell mounted on a piezoelectric stage (100 µm range); (6) Gimbal-mount (M5)
to adjust the vertical displacement of excitation laser beam in respect to the optical axis; (7) Fine adjustment of
the position L4 to allow an optimal focusing into the back-focal plain of the objective which is mounted on (8) a
z-translation stage (rough focus adjustments). (B) Photo of the final instrument.
for fluorescence resonance energy transfer (FRET) and spectroscopy applications. For this only few
additional mirrors, lenses and optical filters or prisms need to be mounted between the dichroic mirror
(DC2) and the EMCCD-camera.
2.3.2. Control software for parallel data acquisition
The dual data acquisition with the combined setup was automated using a self written software in
LabView. It provides the ability of a simultaneous and synchronized data acquisition in the tweezers
and in the fluorescence channel. This software allows the manipulation and the 3D particle tracking
[99], of multiple magnetic beads (up to 4) and simultaneous the streaming of fluorescence images to
the hard disk at camera acquisition frequency of up to 150 Hz, depending on the image size. The
challenges in the programming of the software were: (i) Fast streaming of fluorescence images to
the hard disk; (ii) Synchronization between the magnetic tweezers and fluorescence data; (iii) Imple-
mentation of an autofocus; (iv) Controlling of excitation laser power, magnet positions and emission
filters during the measurement; (v) Post data analysis. Figure 2.11 shows a process chart of the devel-
oped software. The core of the magnetic tweezers part of the software builds a real-time 3D particle
tracking algorithms [99, 100] to determine the positions of reference and magnetic bead. Furthermore
the position of the reference bead is used to carry out an active focus feedback. For this the diffraction
pattern of the reference bead is hold constant by moving the sample with a z-piezoelectric stage (see
figure 2.10) to compensate the thermal drift induced by the environment.
Parallel to this, additional loops are executed to save the fluorescence images and to maintain the syn-
chronization between the magnetic tweezers and fluorescence image data. The fluorescence images
were saved (uncompressed) in an audio-video-interleave (avi) container. The use of an avi container
allows a very fast image and computational efficient streaming of the images to the hard drive (up to
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Figure 2.11: Process chart of the dual data collection software. Level 1 Initialization: In this program part
the camera settings and measurement conditions are prepared in 6 subsequent steps. Level 2 Measurement:
Three loops were executed in parallel run to collect the magnetic tweezers data, the fluorescence image data
and to maintain the synchronisation between the magnetic tweezers and fluorescence images. By stopping the
camera acquisition the last part of the program starts. Level 3 Completion: Saving of the measurement and
synchronization data.
300 Hz full frame). The disadvantage is that the container is limited to an 8 bit data format. However,
the fluorescence images are in 14 bit format. To overcome this incompatibility the information of
each 14 bit pixel is distributed on two 8 bit pixels. The resulting two 8 bit images of each 14 bit fluo-
rescence image were assembled to one image which is subsequently stored in the avi container. The
graphical user interface of the data collection software (see figure B.9) allows to follow the magnetic
bead position and observe the fluorescence images in real-time. Furthermore it is possible to control
the laser power, the magnet positions, the autofocus and the fluorescence detection filter during the
measurement.
2.3.3. Sidewards stretching magnetic tweezers module
For the traditional magnet configuration of magnetic tweezers a pair of permanent magnets is placed
above a flow cell. This magnet configuration exerts forces along the optical axis. An essential ad-
dition for the combined setup was a magnet configuration, which exerts forces perpendicular to the
optical axis (parallel to the substrate surface). This allows to stretch single DNA molecules sidewards.
Previous work showed that sidewards stretching can be achieved by placing a single small magnet at
the side of a square capillary flow cell [101].
28
Combined setup: Development and construction
A B
5
42
1
3
Figure 2.12: Sidewards stretching module. (A) CAD model of the sidewards stretching module, which is
mounted on top of piezoelectric z-stage. (B) Photo of the sidewards stretching module, which consists of (1) a
xyz-translation stage and (2) a single small magnet in a copper holder, (3) is the flow cell holder mounted on a
piezoelectric z-stage, (4) is the magnet holder for the traditional magnet configuration, (5) is the TIRF-objective.
The sidewards stretching module shown in figure 2.12 is a standalone magnetic tweezers. It can be
used alone or in parallel to the vertical magnetic tweezers. The module has a low weight (in total 83 g)
and a compact design, and can therefore be directly mounted on top of the piezoelectric z-stage. Fur-
thermore the module design is platform independent and can by adapting the base plate be mounted
on every commercial microscope. A detailed list of the parts is given in table C.6.
For the optimal design of the magnet configuration for sidewards stretching, the magnetic fields of
different magnet configurations were simulated using the finite-element method (FEM). FEM simula-
tions were carried out using the commercial program COMSOL multiphysics. The theoretical back-
ground of the FEM simulation presented here is reported in the diploma thesis of Dominik Kauert
(former diploma student in our workgroup), who continued the FEM simulation presented here to
design cylindrical magnets configuration [69].
In order to better understand the requirements of the magnet configuration, the magnetic fields for the
standard cubic magnet configuration were simulated and compared with different sidewards stretch-
ing magnet configuration (magnet size, magnetisation direction, holder materials) (data not shown).
It was found that a single magnet (Q-05-05-01-HN, supermagnet, see table C.6) in a copper frame
fulfils the requirements for a sidewards stretching of single DNA molecules at sufficient force. Figure
2.13G shows the comparison of the magnetic field gradient of the traditional cubic magnets and the
single magnet configuration for different z-positions of a potential probe. Furthermore the directions
of the magnetic field gradient (sidewards stretching angle) for different z-positions of a potential probe
were investigated (see figure 2.13G). It is found that for probe positions between 0.00 mm and 0.25
mm (in respect to the centre of the single magnet) the field gradients and thus forces are predicted
to be comparable with the traditional pair magnetic configuration. In addition, it is found that for
these probe position the sidewards stretching angle is predicted to be <10◦, which should allow an
alignment of single DNA molecules to the evanescent field of the TIRF-microscope.
Figure 2.13H shows also that the sidewards stretching angle strongly depends on the z-position of the
probe. In order to avoid a conflict with the autofocus, the sidewards stretching module is mounted
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Figure 2.13: Magnetic field simulations of the used magnet configurations. (A-D) Sketches of two magnet
configurations. (A) Two cubic magnets surrounded by an iron holder. (B) 3D representation of the iron holder
(grey) for the cubic magnets (yellow). (C) Single magnet in a diamagnetic copper holder (magnetic suscepribity
9.6106 m3/mol [102]). North and south pole of the magnets are represented by red and green colours. (D)
3D representation of the copper holder (brown) for the single magnet (yellow). (E) Magnetic field gradient for
the configuration with cubic magnets (see (A)) from 3D FEM simulations. Shown is a two-dimensional cross-
section through the centres of both magnets in vertical direction. Magnet boundaries are drawn as yellow lines.
The vertical position is given with respect to the lower magnet boundaries. The horizontal position is given
with respect to the center of the configuration. The colour code is given by the shown scale bar. Black arrows
indicate the direction of the magnetic field gradient, black lines the magnetic field lines. (F) Magnetic field
gradients for the single magnet (see (D)), from 3D FEM simulations. Shown is a two-dimensional cross-section
through the centre of the magnet in horizontal direction. (G) Magnetic field gradient along the centre line of
the single magnet configurations at different z-positions (given by the inset of (H)). The magnetic field gradient
along the centre line of the magnet pair (A) is shown as a grey area. (H) Angle of the magnetic field gradient
with respect to the xy-plane for the single magnet configuration.
together with the sample holder on top of the piezoelectric z-stage, which performs the autofocus.
Furthermore, it is predicted that the sidewards stretching angle already increases to values above 17◦,
at a horizontal magnet distance of 1 mm if the probe position is in plan with the lower edge of the
magnet (z = -0.5 mm). For the planned experiments this means that the lower edge of the mag-
net must be located below the sample position. To overcome this restriction (sub-)millimetre-sized
squared capillaries were used as fluidic cell (see section 2.3.4). This allows to place the magnet on
the side of the capillary. Taking into account the working distance of the TIRF-objective of 300 µm
as low limit for the magnet position it should be possible to achieve stretching angles below 5◦.
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Achievable angles and forces for sidewards stretching
To investigate the experimentally achievable stretching angles and stretching forces in the lateral di-
rection 16.5 µm long λ-DNA molecules that were tethered to magnetic beads (MagSense beads, 0.5
µm diameter) were manipulated with the sidewards stretching module. The experiments were carried
out in PBS using a capillary flow cell, see section 2.3.4). Figure 2.14A shows the xz-displacement
of the magnetic bead from the DNA attachment point (for the determination of the DNA attach-
ment point see reference [99]). For this the vertical magnet position was changed in discrete steps
(see 2.14C), while the horizontal magnet position was held constant at 250 µm (distance to the edge
of the capillary). At each vertical magnet position 1024 data points were measured. The figure
shows that the magnetic bead positions lie on an arc with a radius given by the length of the λ-DNA
molecule. The sidewards stretching angle is determined by fitting the mean bead positions with a
circle. Alternatively, the angle can be determined also from an individual measurement at a fixed
magnet position by fitting the xz-trajectories with a linear function. This method is, however, less
precise.
In figure 2.14C the achieved stretching angles as function of the vertical position of the magnet are
shown. Furthermore the sidewards stretching angles predicted by the FEM simulations are plotted.
For this the horizontal distance between the front edge of the single magnet and the DNA molecule
was estimated. Taken into consideration the distance of the DNA molecule to the inner wall of the
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Figure 2.14: Sidewards stretching of a single λ-DNA molecule. (A) Determination of the angle for sidewards
stretching. The graph shows the xz-displacement of the magnetic bead (—) from the DNA attachment point and
the corresponding sidewards stretching angle. The data were cumulated from several individual measurements
at discrete vertical positions of the magnet. At each position 1024 data points were measured and the mean
calculated (◦). The angle was determined by fitting the mean data points with a circle (—). (B) Sidewards
stretched λ-DNA, using a 500 nm magnetic bead (MagSense). The DNA is stained with YOYO in a 1/10 ratio
(YOYO molecule / bp). (C) Achieved stretching angles as function of the vertical position of the sidewards
stretching magnet (◦). The prediction of the FEM simulations is also shown (—).
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Figure 2.15: Force calibration for sidewards stretching. (A) Force-extension curve of a sidewards stretched
16.5 µm long λ-DNA molecule. The graph shows the dependence of the DNA end-to-end distance as function
of the stretching force (◦). The data points were fitted (—) with the extended Worm-like chain model, which
provided a persistence length p = 51.8 nm and a DNA contour length of L = 16.5 µm. (B) Force-distance curve.
The graph shows the DNA stretching force as function of the horizontal distance of the single magnet from the
edge of the capillary (◦). The data points were fitted (—) with equation 2.1.
capillary ( ≈ 25 µm), the distance of the magnet to the capillary (250 µm) and the thickness of the
capillary wall (100 µm), the total distance of the DNA molecule to magnet is obtained (≈ 375 µm).
The simulated stretching angles are in a good agreement with the measured stretching angles. The
data show that the stretching angle linearly increases with the vertical position of the single magnet
(up to 300 µm displacement). Furthermore it is shown that the stretching angle cannot be smaller than
3.5◦. This lower limit is caused by the bead, which is touching the substrate surface. This can be more
clearly observed in the magnetic tweezers z-trace (data not shown)). This shows that the sidewards
stretching angle is limited by the magnetic bead size and the length of the used DNA molecule.
Similar to the force calibration of traditional magnetic tweezers (see figure 2.4 in section 2.2.1), the
force as function of the position of the single magnet is calibrated. For this the λ-DNA molecule is
stretched parallel (minimum stretching angle ≈ 3.5◦) to the substrate surface (vertical magnet position
0.01 µm). The exerted forces were changed by adjusting the horizontal position of the single magnet
(see inset of figure 2.15B).
Figure 2.15 shows the force-extension and the force-magnet-distance curves of a sidewards stretched
λ-DNA molecule. Like for the traditional magnetic tweezers the forces were calculated from the
mean DNA length and the transverse fluctuations of the bead 〈δy2〉 (perpendicular to the stretching
force and parallel to the substrate surface) by F = kbT 〈l〉 / 〈δy2〉 (see section 2.2.1).
In figure 2.15B it is shown that up to a horizontal magnet distance of 1 mm the force decreases
exponentially. A maximum force of F0 = 14.3 pN and a magnetic decay constant of dm = 7.8 are
determined by fitting the data with equation 2.1. This shows that the maximum force of the sidewards
stretching magnetic tweezers is in the order of the ones obtained in traditional magnetic tweezers.
However the magnetic decay is approximately 60% larger than for the traditional configuration (see
table B.2). Due to this, the sidewards stretching tweezers are an excellent tool to manipulate DNA
molecule in the force range >1 pN.
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2.3.4. Capillary fluidic cells
A requirement for achieving shallow stretching angles is the usage of capillary flow cells. Stretching
force parallel to the substrate surface can only be achieved, when the lower edge the magnet is at
least 250 µm below the DNA position (see section 2.3.3). Therefore in this section the preparation of
capillary flow cells is described. As starting material a square capillary (8250-050, ViroCom) with an
outer edge length of 700 µm, a wall thickness of 100 µm and an inner edge length of 500 µm is used.
To use this capillary as a flow cell for magnetic tweezers measurements three problems had to be
solved: (i) how to clean them inside, (ii) how to prepare the surface inside and (iii) how to rapidly
change the solution inside during a measurement. The solution of these problems was experimentally
not easily realized. For fluorescence measurements it is essential to minimize the detected fluores-
cence background as much as possible. For this, the glass cleaning (minimization of autofluorescence
background) and the suppression of non-specifically attached fluorescently labelled enzymes to the
substrate surface had to be optimized. Figure 2.16A shows the final layout of the capillary flow cell.
The ends of the capillary were connected to microloader pipet tips, which were inserted into the
capillary. The contact point between the capillary end and the pipet tip was sealed with a flexible
silicon-glue. The other ends of the pipet tips were used as inlet and outlet, respectively and connected
to a pump to move solutions through the capillary. It was found that the lowest fluorescence back-
ground can be obtained with a polystyrene layer (see figure 2.16C), molecular weight 35 kDa (n ≈
335) that is coated with BSA (bovine serum albumin) [103]. The usage of a strongly hydrophobic
polystyrene layer combined the advantage of an efficient immobilization of anti-digoxigenin used for
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Figure 2.16: Capillary flow cells. (A) Capillary flow cell: (1) Inlet (10 µl pipet tip filled with silicon-glue); (2)
Connecting pipet tip (Microloader tip 0.5-20 µl, Eppendorf) attached to the capillary; (3) Silicon-glue to seal
the connection between pipet tip and capillary; (4) Square capillary. (B) Homebuilt spin coater for the inner
coating of capillaries: (1) Device to hold a (2) fast rotary grave tool (King Craft 180 GS, Aldi Nord); (3) Speed
control of the rotary grave tool (500-16000 turns per min); (4) Capillary holder, consisting of two metal plates
coated with latex, which can be pressed together; (5) Capillaries. (C) Structural formula of polystyrene. (D)
Surface wettability of a polystyrene coated glass surface (15 µl H2O), the side view shows a contact angle larger
than 90◦ reflecting a high hydrophobicity of the coating. (E) Thickness and roughness of the polystyrene layer,
measured by atomic force microscopy (contact mode). The polystyrene layer was scratched with a scalpel and
the border between the layer and the glass surface was imaged (see inset).
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binding the DNA constructs, as well as the efficient and stable long-term binding of the blocking
agent BSA. The best results were obtained with a polystyrene layer between 30 and 40 nm thickness
(see figure 2.16E). Such thin films can only be achieved using a spin coating method [104]. For the
coating of the inner wall of the capillary a simple built spin coater for capillaries was used (see figure
2.16B).
Before the inner wall of the capillary can be coated with polystyrene, the glass surface has to be
cleaned and activated to make the surface hydrophilic. For this, a special capillary holder was de-
signed, which allows to clean up to 15 capillaries in parallel (technical drawing is available upon
request). The cleaning and activation protocol presented here is based on several different clean-
ing protocols which were combined and optimized [105–107] (personal correspondence with Corina
Braeuer from the workgroup of Stefan Diez, BCUBE TU-Dresden).
A detailed preparation protocol of the capillary flow cell is given in the appendix, see section A.1.
For the preparation of optimized capillary flow cells different surfaces modifications such as different
surface cleaning procedures, the coating of the surface with hydrophobic polymers, e.g. polystyrene,
polyvinylstearate, poly(4-tert-butyl-styren), dichlorodimethylsilane, polyethylene glycol, and block-
ing solutions, e.g. BSA, streptavidin, casein and the PEG-like tri-block copolymer pluronic F-127
were tested. Most of the experiments were carried out together with Christoph Folgner as part of
his Diploma thesis, which was carried out under my supervision. The results of the experiments are
reported in ref. 70.
2.4. Applications of the dual setup
To demonstrate the successful operation and the general applicability of the dual setup, two example
are presented in this section.The main application of the setup for the work presented in this thesis is
shown in chapter 4.
2.4.1. Scanning evanescent fields using a point-like light source
and a nanomechanical DNA gear
The characterization of 3D inhomogeneous illumination fields is a challenge in modern microscopy.
Here a four-arm DNA junction was used as a nanomechanical translation stage to move a single fluo-
rescent quantum dot through an exponentially decaying evanescent field. For this, a homologous DNA
Holliday junction was stretched vertically with traditional magnetic tweezers. Above the junction a
fluorescent quantum dot was attached at internally introduced biotin modifications [109]. By twisting
the DNA with the magnetic tweezers the junction undergoes branch migration and the quantum dot
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Figure 2.17: Characterization excitation profiles with a point-like light source. (A) Scanning an evanescent field
of a TIRF-microscope with a Qdot and a DNA Holliday junction. A DNA construct containing a homologous
Holliday junction is stretched with magnetic tweezers (a detailed procedure for the preparation of the construct
is given in the supporting information of ref. 108). A Qdot is attached above the Holliday junction. When
inducing negative turns in the DNA by rotating the cubic magnets of the vertical magnetic tweezers (see section
2.2.1), branch migration occurs which drives the Qdot towards the substrate surface. Each turn of the magnets
is converted into a vertical translation of the Qdot by one helical pitch (≈ 3.4 nm). (B) Monitoring the emitted
fluorescence from the Qdot allows to calibrate the exponentially decaying evanescent field. The graphs show
(top) the applied turns, (middle) the DNA length and the Qdot distance from the surface as well as (bottom) the
fluorescence intensity over time for a fully extruded Holliday junction to which positive turns are applied at a rate
of 2 Hz. Snapshot images of the quantum dot are shown for selected times indicated by the dotted lines. As the
spacing between the magnetic bead and the quantum dot remains unchanged, the distance of the quantum dot
to the surface can be calculated from the DNA length by subtracting an offset of ∼ 1.5µm. The DNA length was
measured at a frequency of 120 Hz, fluorescence images were acquired at 10 Hz. A constant force of 3 pN was
applied throughout the experiment. The angle of incidence of the excitation laser is 70.5◦. (C) Fluorescence
images taken at different focal positions above the surface of the flow cell. (conventional widefield illumination).
(D) Investigating the 3D PSF: z-stack of a linear section across a surface- and a DNA-bound Q-dot. (Inset)
Schematic representation of the experimental configuration.
moves in the axial direction towards or away from the surface depending on the twisting direction
(see figure 2.17A,B). Recording the emission of the quantum dot within the evanescent field as well
as under homogeneous illumination (conventional widefield) allows to directly obtain the intensity
distribution of the excitation field without any additional deconvolution [108]a. Beyond characteriz-
ing the electromagnetic field distribution in a TIRF-microscope (see figure 2.17B) which is important
for various applications [110, 111], this method could be used as a versatile tool to experimentally
characterize other intensity distributions, e.g. near metal surfaces [112], metallic multilayers [113]
or in structured illumination microscopy [114]. Mounting the fluidic cell on an xyz-nanopositioning
system would enable the 3D scanning of intensity distributions. Our measurement scheme can also be
used to experimentally determine the 3D PSF (point spread function) of an optical system as function
of the distance from the typically present glass interface (see figure 2.17C,D), which can currently
only be obtained from theoretical calculations [115].
aRef. [108]: Brutzer, H.1, Schwarz, F. W.2 Seidel, R.3, 2012. Scanning evanescent fields using a pointlike light source
and a nanomechanical DNA gear. Nano Lett, 12 (1), 473–478.
Author Contribution: The authors 1 and 2 contributed equally to the article; Conception and design of the study 2,3;
Analysis and interpretation of data 1−3; Collection and assembly of data 1,2; Drafting of the article 1,2; Critical revision
of the article for important intellectual content 1−3, Final approval of the article1−3
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In addition, this technique may allow to directly investigate the distance-dependent near-field coupling
between two optically active probes, e.g. fluorescence resonance energy transfer (FRET) between a
fluorescent donor and an acceptor molecule [116] or the near-field enhancement of the emission of
a fluorophore near a gold nano-particle [117]. The probes can be conveniently attached below and
above the Holliday junction using the internal labelling method applied in ref. 109, 118b. The distance
between the two probes can then be continuously changed by branch migration while the emission is
recorded simultaneously. Further information and a detailed description of the method is presented in
ref. 108.
2.4.2. Direct observation of Type I restriction enzymes
translocating on DNA
To demonstrate the applicability of the dual setup for the investigation of enzyme-DNA interactions
the DNA loop formation [51, 119] caused by a fluorescently labelled Type I restriction enzyme
(EcoR124I) was measured. The measurements (see figure 2.18) show that the correlation between
fluorescence and mechanical signals can provide more information than obtained from either one of
them alone. For the direct detection of enzyme induced DNA length changes (magnetic tweezers)
and simultaneous visualization of the enzyme binding (TIRF-microscope) the motor enzyme subunit
of the Type I restriction enzyme EcoR124I was labelled with Qdots that were attached via a biotin-
streptavidin bond (a detailed protocol can be obtained on request). The biotinylated motor subunit
was kindly provided by Prof. Mark Szczelkun (University of Bristol, UK). The experiments were
carried out with the vertical magnetic tweezers to stretch the DNA along the optical axis. The DNA
contained an EcoR124I target site about 300 bp (94 nm) above its attachment point to the substrate
surface which is well within the evanescent field. This allows to directly observe the binding of the
enzyme to DNA and to correlate this to the DNA loop formation.
Immediately after the binding, the enzymes started to translocate along the DNA which is seen as a
length decrease with constant velocity. During the translocation the fluorescence intensity may ei-
ther remain constant, if the motor pulls in the DNA from the site of the magnetic bead (see figure
2.18A), or it increases if the motor pulls in the DNA in the direction of the surface (see figure 2.18B).
In the latter case, the motor pulls also itself towards the surface and therefore experiences a higher
excitation intensity of the evanescent field, which leads to an increased fluorescence emission. This
measurement demonstrates the simultaneous and synchronized operation of the magnetic tweezers
and fluorescence imaging in the combined setup.
bRef. [109]: Luzzietti, N.1, Brutzer, H.2, Klaue, D.3, Schwarz, F. W.4, Staroske, W.5, Clausing, S.6, Seidel, R.7, 2010.
Efficient preparation of internally modified single-molecule constructs using nicking enzymes. Nucleic Acids Res,
39(3), e15.
Author Contribution: Conception and design of the study 1,7; Analysis and interpretation of data 1−4,7; Collection
and assembly of data 1−6; Drafting of the article 1; Critical revision of the article for important intellectual content
1−4,6,7, Final approval of the article1,2,7
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Figure 2.18: Correlation between EcoR124I bind-
ing and enzyme activity. Detection of loop extru-
sion with magnetic tweezers (back line is the raw
data 120 Hz data and grey line the 100 ms sliding
box average data) and simultaneous observation of
EcoR124I binding and movement ((—) is the fluores-
cence intensity signal) on vertically stretched DNA.
For this a 9 kbp long DNA molecule containing a sin-
gle EcoR124I target site is held in a stretched con-
figuration at 1.5 pN with the vertical magnetic tweez-
ers (see illustration on the left side). After adding
Qdot labelled enzymes, their binding to the DNA can
be observed in the fluorescence channel (small inset
images and intensity plots). When the motor domain
of the enzyme is translocating on the DNA, a loop is
pulled in and the DNA length, as measured in the
magnetic tweezers channel, decreases. From the
change of the fluorescent intensity of the Qdot the di-
rection of the translocation can be distinguished: (A)
Constant fluorescent intensity during loop extrusion.
The motor translocates towards the magnetic bead
(see cartoon on the left). (B) Fluorescent intensity
increases with DNA length reduction indicating mo-
tor translocation towards the surface (see illustration
on the left).
2.5. Summary and conclusions for combining magnetic
tweezers with TIRF-microscopy
In this chapter the construction and operation of a setup, combining magnetic tweezers and single
molecule fluorescence imaging is presented. This dual setup allows the manipulation and tracking of
multiple magnetic beads (up to 4 beads) (at 120 Hz, using a conventional CCD) and the simultaneous
acquisition of fluorescence images (up to 150 Hz, depending on image size) in a synchronized man-
ner . For this a user-friendly and efficient software that controls the setup was developed (see section
2.3.2). Using a capillary with (sub-)millimetre-sized rectangular cross-section and a small magnet
that is placed sidewards next to the capillary, single DNA molecules that were tethered to magnetic
beads (0.5-1 µm diameter) could be stretched sidewards in an almost perpendicular orientation with
respect to the optical axis of the objective (see section 2.3.3). This allows to directly image single
stretched DNA molecules or fluorescently labelled probes which interact with the DNA molecule us-
ing single molecule TIRF-microscopy.
The developed sidewards stretching module is a stand-alone magnetic tweezers. It allows to generate
forces on magnetic beads in the range between 1 and 14 pN. The compact design principally enables
the use of the module on nearly every commercially available microscope platform (e.g. Zeiss, Olym-
pus or Leica microscopes).
The successful operation of the dual setup is demonstrated by two proof-of-principle experiments, see
section 2.4. The main application of the dual setup in this thesis was to study the long-range com-
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munication mechanism of Type III restriction enzymes. For this the interaction and motion of single
Qdot labelled EcoP15I enzymes along the DNA is directly visualized on long sidewards stretched
DNA molecules (see chapter 4).
The application of the dual setup contributed to the following publications: Luzzietti, Schwarz et al.
Nuleic acids res. (2010) [109] and Brutzer ∗, Schwarz∗, Seidel. Nano Letters (2012) [108]. Two
Diploma theses were carried out using the dual setup (see ref. 70, 71).
Furthermore the optical layout and design of the setup was used as a basis for the development of
further dual setups in our group and the group of Michael Schlierf (BCUBE, TU-Dresden). The main
aim of these setups is to implement a second laser excitation beam and spectrally split the fluorescence
detection for single molecule FRET measurements.
∗These authors contributed equally to the work.
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3. Heads or tails? - How Type III restriction
enzymes select DNA for cleavage
To investigate the general consequences of a 1D diffusion based long-range communication between
distance target sites for the DNA cleavage site selection, the diffusion-collision-model of Type III
restriction enzymes was Monte Carlo simulated. The simulation results were compared to empirical
data using bulk solution cleavage assay.
The results of the comparison between the empirical and the Monte Carlo simulation data are in detail
reported in the articles 15 a and 16 b An important experimental observation is that, under standard
reaction conditions, cleavage of a two-site DNA substrate by a Type III restriction enzymes produces
a double-strand break downstream of just one of the two sites. No further cleavage occurs on that
DNA molecule [10, 44, 120]. This incomplete cleavage would be perfectly sufficient for the in vivo
role of Type III enzymes in preventing phage infection since just one dsDNA break would be lethal
to the parasitic nucleic acid. To further expand our understanding of the mode of communication by
Type III restriction enzymes and further challenge the 1D diffusion hypothesis, we sought to answer
the following question: What selective pressures determine which of the two sites is cut?
By using alternative DNA substrates and by varying the concentration of enzyme, we introduced
asymmetry into the communication process that changed the cleavage pattern in a reproducible and
testable manner. The empirical data were directly compared to a Monte Carlo simulation model
based on the diffusion-cleavage scheme. The Monte Carlo simulations proove that the results of the
bulk solution assays were in agreement with the diffusion-cleavage-model. Furthermore the simula-
tions allow to make general conclusions about target site communication processes and interactions.
Those conclusions are independent from the experimental test Type III restriction enzymes system.
Therefore the results presented in this chapter can be adapted to any other enzyme system, which sim-
ilarly communicates between two distant target sites by a diffusion based communication mechanism.
aRef. [15] Authors: Kara van Aelst1, Ju´lia To´th2, Subramanian P Ramanathan3, Friedrich W Schwarz4, Ralf Seidel5 and
Mark D Szczelkun6 Author Contribution: Conception and design of the study 1,2,5,6; Analysis and interpretation of
data 1,2,4−6; Collection and assembly of bulk and single molecule data 1,2,3; Monte Carlo simulations4,5; Drafting of the
article 1,2,6; Critical revision of the article for important intellectual content 1,2,4−6, Final approval of the article1,2,4−6
bRef. [16] Authors: Friedrich W Schwarz1, Kara van Aelst2, Ju´lia To´th3, Ralf Seidel4 and Mark D Szczelkun5 Author
Contribution: The authors 1 and 2 contributed equally to the article; Conception and design of the study 2−5; Analysis
and interpretation of data 1−5; Collection and assembly of bulk and single molecule data 2,3; Monte Carlo simulations1;
Drafting of the article 4,5; Critical revision of the article for important intellectual content 1−5, Final approval of the
article4,5
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The close correspondence of the two data sets provides further evidence for bidirectional motion on
DNA with cleavage occurring upon head-on collision between a diffusion and a static enzyme. These
observations led to an extension of the diffusion-collision-model (Head-to-Head substrates) for the
cleavage of Tail-to-Tail DNA substrates (see figure 1.8B, [15]).
The empirical data shown in this chapter were measured by Kara van Aelst and Ju´lia To´th in the
laboratory of Prof. Mark Szczelkun at the University of Bristol. Details of the bulk solution cleavage
assays are reported in the articles. My part of the results presented in the articles were the Monte
Carlo simulations of the diffusion-collision-model for Type III restriction enzymes.
3.1. Indirect tests of the diffusion-collision-model -
experimental observations
To test the diffusion-collision-model (see section 1.3), the DNA cleavage rates as an indirect measure
of the site-to-site communication rate were investigated in bulk solution cleavage assay (see Materials
and Methods section in ref. 16). By changing the length of the DNA between a pair of identical sites
or by varying symmetrically the distance between the sites and the DNA ends we sought to observe
changes in the cleavage rate that could be related to possible communication models [12, 15]. Because
the sites were identical in these cases, site selection was 50:50 regardless of orientation, see ref. 40.
However, we were unable to observe any systematic change in the cleavage rate that could be fitted to
either 1D diffusion or translocation models (data not shown). An explanation for this may be that the
communication process is significantly faster than the binding or cleavage steps and is thus kinetically
masked.
As an alternative approach to test the validity of the diffusion-collision-model and its mechanistic
assumptions we addressed here how this mode of communication affects the relative cleavage site
distribution on asymmetric two-site linear DNA substrates. To introduce sufficient asymmetry into
the reaction pathway we applied two different strategies.
Introducing bias due to end-blocking and end-spacing effects
The diffusion-collision-model indicates that on linear DNA a Type III restriction enzymes cannot exit
at a DNA end that is ”blocked“ (e.g. by biotin-streptavidin) but it can exit from an ”open“ end
[12, 41]. Consequently, restriction enzyme activity is efficient when both ends are blocked but inef-
ficient when both ends are open. This difference could be exploited by using linear DNA molecules
in which one DNA end differed from the other end in terms of distance to a site and by being either
blocked (by biotin-streptavidin) or open ends. A single ”open end“ will asymmetrically deplete the
diffusion enzyme population (enzymes slide off the end), which leads to characteristic changes in the
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cleavage site distribution (see figure 3.1C).
Introducing bias due to increased initiation at one site
As a comparative approach, the cleavage at one site over another could be biased by increasing the
total amount of diffusing enzymes that originated from only one of the two sites. For this a mixed
Head-to-Head linear DNA substrate could be used with one recognition site for EcoPI and one recog-
nition site for EcoP15I (see figure 3.5). EcoPI and EcoP15I are very similar enzymes (amino acid
identity >90% in the Res subunit and >60% in the Mod subunit) and can cooperate to cleave a mixed
DNA substrate [11, 121]. By varying the concentration of one enzyme over the other, the corre-
sponding increase in communicating species originating from one site will also influence the relative
cleavage distributions in a characteristic manner (see section 3.5).
3.2. Distribution of cleavage on Head-to-Head substrates with
end bias
To apply the first strategy described above, we generated a family of linear Head-to-Head and Tail-to-
Tail DNA substrates with biotin-streptavidin blocks at either one end (”open end“ substrates) or both
ends (”blocked end“ substrates). We first tested the Head-to-Head DNA illustrated in figure 3.1A.
As explained in the figure caption, we arbitrarily define the site closest to the left end as ”Site 1“ and
the other site as ”Site 2“. The distance a from Site 1 to its neighbouring open or blocked end was
varied whilst the inter-site distance b of ≈ 100 bp and the distance c from Site 2 to its neighbouring
blocked end of ≈ 1000 bp were kept constant (see “Materials and Methods” section and table 1 in
ref. 16). To avoid any differences resulting from a preference for cleavage at particular sequences
flanking the target site, we used pairs of Type III sites with identical sequences up- and down-stream
of the sites. Thus, any observed asymmetry in the cleavage preference would be due to variation in
distance a and/or to the difference in end capping. Based on an intuitive consideration of the diffusion-
collision-model (see figure 1.8), an ”open end“ Head-to-Head substrate would asymmetrically deplete
the diffusing enzyme population as follows. Enzymes that initiate diffusion from Site 1 would be more
likely to dissociate from the neighbouring ”open end“ than enzymes that initiate diffusion from Site
2. This would reduce the chance of enzymes initiating from Site 1 reaching Site 2. Correspondingly,
cleavage would occur more often at Site 1. If distance a were then shortened, we would expect this
bias in cleavage at Site 1 to increase. In contrast, on the ”blocked end“ Head-to-Head substrates,
enzymes initiating from either Site 1 or Site 2 will have an equal chance of dissociation and the cleav-
age will distribute 50:50, regardless of any change in distance a. The bias in cleavage site distribution
41
Distribution of cleavage on Head-to-Head substrates with end bias
0 400 800
0
50
100 EcoP15I
 %
 C
le
av
ag
e
Distance a (bp)
EcoPI
0 400 800
 
C
500
200
100
500
500
an
al
ys
ed
 
EcoPI - + - - + - - + -
EcoP15I - - + - - + - - +
a (bp) 500 200 100
B
Open end
Site 2Site 1
A
b ca
Blocked end
Figure 3.1: Using end-spacing effects to introduce bias into the distribution of cleavage between two sites.
(A) DNA substrates (see “Materials and Methods” in ref. 16). Triangles denote the orientation of the EcoPI
(5´-AGAGC-3´) or EcoP15I (5´-GACGAC-3´) recognition sites. Site 1 and Site 2 are defined as the sites being
closest to the leftward or rightward end, respectively. The Site 1 triangles are either ”solid“ (to denote a blocked
end) or ”open“ (to denote an open end). Green ovals represent streptavidin molecules attached to biotin-
labelled DNA ends (blue circles). Distances a, b and c for each substrate are listed in ref. 16 see table 1.
Distance a was varied as indicated by the dashed line. Each DNA had a pair of sites for both EcoPI and for
EcoP15I (only one pair of sites for one enzyme is shown for clarity). (B) Example agarose gel for the open end
Head-to-Head substrates with distance a ≈ 100 bp, 200 bp and 500 bp. See supplementary figure S1 of ref.
16 for the same gel including a DNA size marker and the lanes for a ≈ 1000 bp. Reactions contained 10 nM
DNA and 75 nM EcoPI or EcoP15I and were incubated for 15 minutes with EcoPI or 5 minutes with EcoP15I.
DNA samples were separated by agarose gel electrophoresis. Resulting cleavage products are illustrated by
cartoons. Except for a ≈ 500 bp, the two smaller cleavage products that include the short end a were not visible
on the gel. Cleavage at Site 1 was quantified from the DNA product containing domains b and c; cleavage at
Site 2 was quantified from the DNA product containing domain c alone. (C) Percentages of Site 1 cleavage (B),
of Site 2 cleavage (I) and total cleavage (•) for the gel shown in (B) as function of distances a. Points and error
bars are the average and standard deviation from two to three repeat experiments. See supplementary figure
S2 of ref. 16 for all data, illustrating the high reproducibility of the measurements.
on the ”open end“ substrates would not be observed assuming the alternative communication mod-
els based on unidirectional motion, which instead would give 50:50 distributions on all DNA tested
regardless of end-capping. The Head-to-Head DNA substrates were incubated with either EcoPI or
EcoP15I for a fixed time, the reactions stopped, the substrates and products separated by agarose
gel electrophoresis, and the DNA quantified by ethidium bromide staining and gel densitometry (see
“Materials and Methods” section in ref. 16). An example gel using the open end DNA is shown in
figure 3.1B and supplementary figure S1 of ref. 16. The corresponding quantified data averaged from
multiple repeat experiments is shown in figure 3.1C (quantified data from experiments with all DNA
substrates are presented in supplementary figure S2 of ref. 16). Total DNA cleavage does not reach
100% under these reaction conditions, most likely due to competing DNA methylation [40]. For the
blocked end Head-to-Head substrates, cleavage was distributed equally between each site with no
dependence upon distance a (see figure 3.4left), left panel, for data normalized by the total amount
of cleaved DNA). In contrast, on the open end Head-to-Head DNA both EcoPI and EcoP15I demon-
strated differences in the relative cleavage between the sites that varied as a function of distance a (see
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figure 3.4right): in both cases a preference for cleavage at Site 1 was observed and this preference
became more pronounced as distance a was shortened. These observations are consistent with the
predictions described above based on the diffusion-collision-model.
3.3. Monte Carlo simulation
To provide more objective predictions of these effects that can then be compared to the empirical data,
a Monte Carlo simulations based on the simplest possible realization of the diffusion-collision-model
was employed (see figure 3.4).
Each DNA substrate was modelled as a linear lattice of non-specific protein binding sites 1 bp apart
and including two specific interaction sites at locations corresponding to the enzyme target sites for
the DNA being considered. The dynamics of enzyme-DNA interaction were described by just three
rates (see figure 3.2): kbind, the binding rate of an enzyme to a specific site; kslide, the rate at which a
specifically bound enzyme switches into the diffusion state; and kstep, the rate at which an enzyme in
the diffusion state makes a single 1 bp random walk step either leftward or rightward on the lattice
(with equal probability). At each step of the simulation cycle, we calculated whether enzymes had
bound, initiated or stepped along the DNA. When an enzyme reached an end of the lattice which was
open, a step off the lattice caused dissociation. When an enzyme reached an end of the lattice which
was blocked, dissociation did not occur. When a diffusion enzyme collided with an enzyme bound
at a recognition position in a head-on orientation, cleavage at that site was scored and another round
kbind
ATP kslide
kstep
kbind
Figure 3.2: Schema of Monte Carlo simulations
based on the simplest possible realization of the
diffusion-collision-model. Diffusion-collision-model
for long-range communication on DNA by Type III re-
striction enzymes. Type III restriction enzymes (blue
ellipsoids) bind to their recognition sites (triangles)
with rate kbind. Site specific DNA binding induces hy-
drolysis of ATP and the enzyme switches stochasti-
cally to a diffusion mode with a rate kslide and under-
goes 1D diffusion along the DNA lattice (shown by
colour change to orange). Diffusion occurs in a ran-
dom walk-like fashion in both directions with equal
probability, independent of ATP hydrolysis, at a step-
ping rate kstep (grey vertical line indicates the lattice
step size). When a diffusing enzyme collides in a
“head-on” orientation with a second enzyme that is
statically bound to its site, cleavage of DNA is trig-
gered. The DNA shown is a two-site substrate with
sites in Head-to-Head orientation. Animated exam-
ples of one round of the model based on Monte Carlo
modelling are shown for a Head-to-Head and also
a Tail-to-Tail substrate in movies S1 and S2 respec-
tively in supplementary data of ref. 16.
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of simulation undertaken (see movie S1 in supplementary data of ref. 16 for an example simulation).
The model stochastically allowed for the accumulation of multiple enzymes on the DNA, taking into
account the molar excess of enzyme used in the experiments. Additional dissociation from internal
sites during diffusion was not considered in the data presented in order to keep the model as simple
as possible. However, when included it did not alter the outcome of the simulations (data not shown).
Rate constants used in our simulations (see below) are given as probabilities per 1 bp random walk
step and cannot be considered as absolute values but instead as relative values, since only the reaction
end-point is measured. According to its definition, kstep equals a nominal value of 1. For the initial
modelling of the Head-to-Head and Tail-to-Tail substrates, kbind and kslide were adapted to fit the
experimental data. For subsequent simulations we modelled 5 bp instead of 1bp random walk steps in
order to save computation time. This provided identical results compared to the 1 bp steps (data not
shown) but required on average 25-fold less simulation steps. For each condition (DNA end length,
end capping), at least 500 cleavage events were simulated to obtain acceptable statistical accuracy.
Monte Carlo simulation software
Level 1 
Initialization 
Level 2 
Simulation  
loops 
1. Set simulation parameter:  DNA parameter (length of linear lattice, left/right lattice end - blocked or open, positions and 
orientations of the target sites - head or tail); Enzyme parameter (kbind, kslide, koff) 
2. Create enzyme array (EA) (Entries: enzyme (n) , enzyme position  (pl), face orientation  (fo = left/right), sliding = yes/no) 
3. Start subsequently N simulation  
 
 
 
 
Level 3 
Analysis of the  
simulation data 
1.Remove sliding and fall off enzymes  
with the probability koff per cycle and sliding enzyme from the EA 
2. Add new enzymes to target site  
with a probability kbind per cycle and empty target site (EA:  n+1, pl = target site pl, fo = target site fo, sliding = no) 
3. Start sliding  
with the probability kslide per cycle per target site bound enzyme (EA: sliding = yes) 
4. Enzyme sliding 
 each sliding enzyme makes a 1 lattice step left/right (EA: pl = pl ±1) or stays at the position if the move is blocked 
(blocked DNA end or position is occupied by an enzyme) (EA: pl = pl)  
5. Cleavage test 
if face to face collision between a target site bound and sliding enzyme occurs  
6. If cleavage occurs stop simulation 
save number of interaction cycle and enzyme array of the last cycle 
 
 
 
 
 
 
 
 
 
1. Determine for each simulation round: number of enzymes on DNA, number of left facing and number of right facing 
enzymes on DNA, cleavage site (left/right), number of interaction cycle, total number of dissociated enzymes 
2. Calculate mean values and errors from N simulations 
 
 
 
Figure 3.3: Process chart of the Monte Carlo simulation of the diffusion-collision-model for Type III restriction
enzymes. The program is executed in three subsequent levels. Level 1 Initialization: In this part of the
program the simulation parameters are set and the simulation loop is prepared. Level 2 Simulation loops:
This part of the program executes the actual Monte Carlo simulation N successive times. Each simulation cycle
starts with the setting given by level 1 and ends with a cleavage event at site 1 or site 2. Level 3 Analysis of
the simulation data: Determination of the mean cleavage probability at each target site for the ensemble of N
simulation cycles.
The used Monte Carlo simulations of the diffusion-collision-model for Type III restriction enzymes
were programmed in LabVIEW (National Instruments Inc.) and run on a workstation with a dual
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quad core 2.66GHz processor (Dell, T5400-Intel Xeon E5430). In figure 3.3 a process chart of the
simulation software is presented.
The statistical error of the simulations for the normalized cleavage probability px at a given site
x (x = 1, 2) was calculated as twice the standard error (95% confidence interval) of a binomial
distribution normalized by the total number of simulations Ntot that ended in cleavage: Err(px) =
2
√
px(1 − px)/Ntot with px = Nx/Ntot being the number of cleavage events at site x.
3.4. Comparison of the cleavage site selection between
Monte Carlo simulated and empirical data
Both Monte Carlo model data and empirical data showed good qualitative agreement, independent of
the particular value of kslide , see figure 3.4. Best overall agreement (also including Tail-to-Tail and
mixed substrates, see below) was obtained by choosing kbind = 4 · 10−8 for both enzymes, and kslide =
4 · 10−6 for EcoPI and kslide = 4 · 10−8 for EcoP15I (see figure 3.4A,B). Furthermore is was found that
other sets of kbind and kslide can also describe the experimental data in figure 3.4 as long as the ratio
between the rates is preserved (see figure 3.4C,D). The simulations with the faster rates reproduce the
experimental data with a similar quality as the simulations using kbind = kslide = 4 · 10−8. Similarly, the
EcoPI data can be described with much faster rates as long as kslide remains 100-fold faster than kbind
(not shown).
Considering published diffusion constants for enzymes sliding along DNA in the order of 106 bp2/s
[1, 122, 123] , the chosen value for kbind = 4·10−8 in these simulations would correspond to a “real” en-
zyme binding rate in the order of ≈ 0.1 s−1. The agreement between both the simulated and empirical
data sets in figure 3.4(left) validates our predictions and provides evidence that the diffusion-collision-
model can account for the relative cleavage of a site in a Head-to-Head oriented substrate dependent
on its proximity to a DNA end.
Distribution of cleavage on Tail-to-Tail substrates
In addition to sites in Head-to-Head arrangements we also tested similar substrates with the sites
in Tail-to-Tail arrangement (see figure 3.4(right), table 1, and supplementary figure S2 of ref. 16).
On these substrates, cleavage that would be triggered by head-on collision requires that the diffusion
enzyme actually bypasses a site before the second enzyme binds [15, 41]. Consequently, the efficiency
of cleavage of Tail-to-Tail DNA can be affected by the binding lifetime at the site: the more often the
site is occupied, the less chance that a diffusion enzyme can bypass the site. The reactions were
carried out and analysed as above. Quantified and normalized data from repeat experiments using
either EcoPI or EcoP15I are shown in figure 3.4(right). In contrast to the data on Head-to-Head DNA,
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Figure 3.4: Comparison of the cleavage site selection between Monte Carlo simulated and empirical data.
Normalized cleavage site distribution compared to Monte Carlo simulations. (Left) Head-to-Head constructs
and (right) Tail-to-Tail constructs, with blocked or open ends. The experimentally-determined percentages of
Site 1 cleavage (I or B) and of Site 2 cleavage (I) were normalized by the total fraction of cleaved DNA. (A)
Monte Carlo simulations for EcoPI with kbind = 4 · 10−8 and kslide = 4 · 10−6. (B) EcoP15I with kbind = 4 · 10−8 and
kslide = 4 · 10−8. (C) with kbind = kslide = 1 · 10−6 and (D) with kbind = kslide = 1 · 10−5. Percentages of cleavage
determined from Monte Carlo simulations are shown as light red (Site 1) and grey (Site 2) areas, which cover
the 95% confidence intervals around the mean percentage for at least 500 simulations. Rates used in the
simulations, given as probability per 1 bp random walk step, are indicated in the main text.
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we observed quite different outcomes on the Tail-to-Tail DNA that depended on both the enzyme used
and the characteristics of the DNA substrate:
EcoPI on blocked end Tail-to-Tail DNA.When distance a was 518 or 1019 bp, the cleavage distribution
between Sites 1 and 2 was equal, within experimental variation. However, at the shorter a distances
(120 or 219 bp), cleavage at Site 2 increased moderately.
EcoPI on open end Tail-to-Tail DNA. When distance a was 518 or 1019 bp, a small but significant
preference was observed for cleavage at Site 1. However, as a was shortened, the relative preference
switched until Site 2 was preferred at a = 120 bp.
EcoP15I on blocked end Tail-to-Tail DNA. When a = 1022 bp, the cleavage distribution between Sites
1 and 2 was equal, within experimental variation. However, as a was shortened, cleavage at Site 2
increased significantly. When a = 123 bp, cleavage at Site 2 accounted for ≈ 80% of the total cleavage.
A reduction in the total cleavage efficiency was also observed as a was reduced (see supplementary
figure S2 of ref. 16).
EcoP15I on open end Tail-to-Tail DNA. As for EcoPI above, Site 1 was preferred at longer distances
of a, whilst Site 2 was preferred at shorter distances of a. However, the contrast was more pronounced.
There was also a more pronounced reduction in overall cleavage as a reduced which was not observed
to the same extent with EcoPI (see supplementary figure S2 of ref. 16). Strikingly, the overall pattern
in this data looks similar to that observed using EcoP15I and the blocked end Tail-to-Tail DNA.
The feature common to all the Tail-to-Tail data is that cleavage of Site 2 is preferred to Site 1 at short
distances of a, the opposite of what was observed with Head-to-Head DNA. Moreover, this prefer-
ence was still observed when both ends were blocked, again the opposite of what was observed with
Head-to-Head DNA.
We tested whether the observed profiles could still be explained within the framework of the diffusion-
collision-model by simulating the cleavage of Tail-to-Tail DNA using the Monte Carlo simulations, as
above (see movie S2 in supplementary data of ref. 16). Both simulated and empirical data show very
clear agreement using the same rates chosen for the Head-to-Head simulations (see figure 3.4right).
This demonstrates that the measured cleavage site selection is exactly what one would expect from a
bidirectional diffusion-collision-model with head-on collision causing cleavage at a site. The increase
in cleavage at Site 2 relative to Site 1 at small distances may seem counterintuitive, particularly when
compared to the data obtained using Head-to-Head site arrangements. However, our observations can
also be rationalized using the diffusion-collision-model: On both Head-to-Head and Tail-to-Tail DNA,
the population of enzymes that initiates diffusion from Site 1 will be reduced if there is a proximal
open end. Therefore, less of these enzymes reach Site 2 and cleavage at Site 1 increases. However,
for Tail-to-Tail DNA, cleavage at Site 1 additionally requires that the diffusing enzyme coming from
Site 2 enters the DNA domain between the DNA end and Site 1 (i.e. defined as domain a, figure
3.1A) and subsequently becomes trapped there by a second enzyme binding to Site 1. As domain a
shortens, the chance of this trapping event reduces. Thus, less of the diffusion enzymes that started at
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Site 2 reach Site 1 in a head-on orientation and relative cleavage at Site 2 increases. It appears that
the reduced “trapping efficiency” that is specific to Tail-to-Tail DNA is the dominant effect for short
distances of a while the depletion of enzymes that start near an open end becomes more dominant
for longer distances of a. The clear switch in preference on the open end substrates can therefore be
explained.
An additional limitation for Tail-to-Tail DNA is that binding of an enzyme to Site 1 blocks diffusion
enzymes from entering domain a. For EcoP15I this effect is more dominant than the trapping effect
above since Tail-to-Tail DNA is cleaved less efficiently than Head-to-Head DNA [15]. A tight bind-
ing of EcoP15I most likely causes the reduction in overall cleavage efficiency seen here as domain a
shortens (see supplementary figure S2 of ref. 16).
Overall, the observation of differences between Head-to-Head and Tail-to-Tail DNA are consistent
with a diffusion-collision-model where the cleavage state requires a head-on protein-protein con-
tact.
3.5. Distribution of DNA cleavage as a function of enzyme
loading
As an alternative way to bias cleavage at one location over another, we generated a mixed DNA
substrate with recognition sites for EcoPI and EcoP15I in Head-to-Head orientation, see figure 3.5A.
The substrate was capped at both ends with streptavidin to ensure efficient cleavage and to prevent bias
due to end effects (i.e. as in figure 3.4). DNA cleavage only occurs when both enzymes are added (data
not shown). By varying, for example, the concentration of EcoPI whilst keeping EcoP15I constant, the
sliding model predicts that the population of EcoPI molecules sliding on DNA will increase relative
to EcoP15I. In turn this would result in a concentration-dependent increase in cleavage at the EcoP15I
site relative to the EcoPI site.
To test this prediction the mixed DNA substrate was incubated with a fixed concentration of EcoP15I
and with a varying concentration of EcoPI for a fixed time, the reactions stopped, the substrates and
products separated by agarose gel electrophoresis, and the DNA quantified by scintillation counting
(see section 3.2, 4.2). An example gel is shown in figure 3.5B, whilst the average quantified data
is shown in figure 3.5C. With an equal concentration of EcoPI and EcoP15I, a small but significant
preference for cleavage at the EcoPI site was observed. As the concentration of EcoPI was increased
relative to EcoP15I, the total cleavage reduced from ≈ 96% to ≈ 82%, reflecting either an increase
in inhibition by co-methylation or a general decrease in activity due to non-specific inhibition by
the excess EcoPI. In addition, the distribution of cleavage loci changed-cleavage at the EcoPI site
decreased to a minimum of ≈ 25% while the total cleavage at the EcoP15I site increased to a maximum
of ≈ 75% (as percentages of the total cleavage). Overall this pattern matches what one would expect
based on a simple consideration of the diffusion-collision-model.
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Figure 3.5: Distribution of DNA cleavage as a function of enzyme loading. Using increased initiation from
one site to introduce bias into the distribution of cleavage between two sites. (A) Scheme of the mixed DNA
substrate comprising one EcoPI recognition site (I) and one EcoP15I recognition site (I) in a Head-to-Head
orientation. (B) Example agarose gel for cleavage experiments using the mixed substrate. Reactions contained
2nM DNA, 15nM EcoP15I and 15 to 400nM EcoPI and were incubated for 10 min. Resulting cleavage products
are illustrated by sketches. The short ≈ 540 bp fragment from cleavage at the EcoP15I site was not visible on
the gel. Cleavage at the EcoPI and EcoP15I sites was quantified from the bands indicated. (C) Percentages
of EcoPI site cleavage (I), of EcoP15I site cleavage (I) and total cleavage (•). Points are the average from
three repeat experiments. Calculated standard deviations are smaller than the symbol size illustrating the high
reproducibility of the measurements. (D)-(E) Comparison of empirical and simulated DNA cleavage patterns
as a function of ratio EcoPI to EcoP15I concentration and different kbind and kslide rates (indicated above the
graphs). Normalized percentages of cleavage at the EcoPI and EcoP15I sites compared to the Monte Carlo
simulation data, shown as light blue (EcoPI site) and light red (EcoP15I site) areas, which cover the 95%
confidence intervals around the mean percentage for at least 500 simulations.
The data was normalized by the total cleavage and compared to Monte Carlo simulations using the
same kbind and kslide values as used above, i.e. kbind = 4 · 10−8 for both enzymes, and kslide = 4 · 10−6
for EcoPI and kslide = 4 · 10−8 for EcoP15I (see figure 3.5D).
The empirical and simulated data show very good correspondence, providing further evidence of the
validity of the simple diffusion-collision scheme in figure 3.2. Note that in contrast to the single
enzyme substrates, faster values for kbind and kslide fail to describe the data obtained with the mixed
substrates, see figure 3.5E,F.
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3.6. Conclusions
It is well known that non-specific DNA sequences adjacent to a restriction enzyme target site can
affect protein binding due to indirect interactions. Additionally for the Type III restriction enzymes,
cleavage is targeted to the non-specific DNA 25 to 28 bp downstream of the site (see section 1.2).
Therefore the nuclease domain may show a catalytic preference for certain sequences. Using EcoP15I
plasmid substrates, a systematic study showed that variations in sequence around the CAGCAG se-
quence at one site can cause alterations in the relative cleavage pattern independent of DNA ends
[120]. Whilst this data indicates that Type III restriction enzymes can have a preference for cleaving
certain sequences, it does not address the underlying mechanism of communication. In the experi-
ments presented here we instead observed long-range effects on the cleavage preference at a pair of
identical sites due to variations in site location (in particular the distance to a DNA end and whether
it was blocked or free) or due to variations in the concentration of a Type III enzyme initiating from
one of the two sites. In addition, these variations in preference were dependent on whether the sites
were in Head-to-Head or Tail-to-Tail orientation. In each case the data could be explained using a
simple DNA diffusion-collision-model, backed-up by Monte Carlo simulations, that is based on a 1D
bidirectional motion of the enzymes on DNA and cleavage that is activated upon head-on collision
between one diffusion enzyme and one static enzyme (figure 3.2, see movies S1 and S2 in supple-
mentary data of ref. 16). In combination with previous bulk solution and single molecule results,
the empirical and simulated data presented here provide strong evidence in favour of the proposed
diffusion-collision-model for long-range communication of Type III enzymes (see section 1.3).
So far the discussion about whether “to loop or not to loop” has not been very clear in distinguishing
whether looping itself is responsible for the inter-site communication or whether looping just plays
an accessory role. The data we present here cannot provide evidence to refute the existence of short-
lived loop states. However, it would be very difficult to explain the different cleavage preferences
we observed in terms of any bias due to communication by 3D looping. It is a long-held view in the
field of DNA enzyme transactions that passive 3D DNA looping cannot provide: (i) site orientation
selectivity, except under special circumstances of DNA topology or short intersite spacings and (ii) a
bias for interactions between sites on the same DNA as opposed to separate but topologically linked
DNA.
The first point is illustrated by a study of the Type II RE BspMI, where site orientation selectivity
was observed as a function of intersite spacing and DNA topology [124]. A bias for the geometry
of a DNA loop (preferentially trapping a negative or positive node [125]) was only obtained for very
short intersite spacings (>170 bp). The Type III restriction enzymes still show orientation selectivity
over many thousands of bp. A bias for the interaction geometry over such long distances is well
established for many site-specific recombinases, which however requires an absolute dependence on
negatively supercoiled DNA [126–128]. In contrast, cleavage rates for Type III restriction enzymes
on linear and negatively supercoiled DNA are more or less identical [12, 40]. Inhibition on positively
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supercoiled DNA (25), most likely reflected the extreme levels of DNA twist introduced into those
DNA preparations ([129].
The second point is illustrated by a wide range of studies of 3D DNA looping by restriction enzymes
using concatenated DNA (e.g. [130–133] , where cleavage could occur when sites were both on the
same DNA and also on separate but topologically interlinked DNA rings. This simply reflects the
fact that the local site concentration can be elevated by either 1D or 3D connectivity. Again, and in
contrast to all these examples, the Type III restriction enzymes could not cut sites on separate rings of
a catenane [42], arguing against 3D looping as a critical step in selecting directionality.
Within any communication model however, DNA looping could play an accessory role rather than
being a stringent requirement. This is consistent with the fact that inhibition of looping by DNA
stretching has no significant influence on the communication and cleavage kinetics of Type III restric-
tion enzymes [12, 15] in agreement with data using restriction enzymes that interact only with a single
site [134], but in stark contrast to restriction enzymes that obligatorily use 3D looping [135, 136]. Also
the sliding model, and thus the data presented here, is still compatible with the formation of transient
loops during bidirectional 1D motion that are shorter lived than ≈ 1 s [12]. This may in fact be an at-
tractive option to resolve the controversy between AFM measurements and single molecule magnetic
tweezers measurements [14]. However, we also note that there are still severe discrepancies between
the two data sets, since in the AFM experiments the equilibrium is shifted towards a compacted and
heavily looped configuration, while for the tweezers experiments the equilibrium configuration is pre-
dominantly non-looped, and only allows for rare transient looping. Thus, further work is still required
to resolve the contribution of DNA-looped states in inter-site communication by Type III restriction
enzymes. We suggest that the positional effects observed here (figures 3.1 and 3.5), might also be
observed in other processes, such as DNA mismatch repair, where communication by DNA sliding
has also been suggested to occur [41]. Similar experiments could therefore provide corroboratory
evidence for other diffusing enzyme systems. In addition, and beyond the academic interest in un-
derstanding the cleavage site selection, our observations may be useful for biotechnological reasons.
Since these enzymes cut at “long” distances from their target sites they are used in mate-pair library
preparations for next generation sequencing to study chromosome structural rearrangements [137].
Our observations could be exploited to help increase the efficiency of library preparations by the Type
III restriction enzymes.
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4. Direct observation of ATP triggered 1D
diffusion by Type III restriction enzyme
along DNA
In this chapter the combined setup (see chapter 2) is used to directly prove the diffusion-collision-
model for Type III restriction enzymes (see introduction 1.3). For this the measurement assay de-
scribed in the objectives was realized and applied (see figure 1.9). The binding and the movement of
single Qdot labelled EcoP15I enzymes are directly visualized on sidewards stretched DNA. Beyond
this the direct visualisation of the enzyme-DNA interaction enables to address major questions about
the mechanisms of these enzymes, such as the role of ATP hydrolysis. Experiments in presence of
different nucleotides show that the enzyme-DNA interaction dramatically changes. Only the presence
of ATP allows a target site specific interaction with the DNA, which is required for DNA cleavage.
Furthermore it is found that ATP acts as a trigger to switch into a diffusion mode and that the enzyme
can sense the target site orientation during a strike linear diffusion along DNA (not following the he-
lical pitch). The presented measurements show that Type III restriction enzymes indeed use diffusion
along DNA to communicate between distant target sites to collectively cut DNA.
4.1. Introduction
The prediction of the diffusion-collision-model model for Type III restriction enzymes is that the
enzymes use a 1D diffusion motion to communicate between distant target sites on DNA. For the
diffusive motion the DNA is used only as race track. This means that the enzyme passively interacts
with the DNA. The enzyme-DNA interaction does not interfere with any DNA property during the
diffusive motion. In particular the physical characteristic like the contour length, persistence length
or twist rigidity in the DNA are not effected. Due to this, indirect measurements of the enzyme DNA
interaction through tracking the DNA properties, as done in traditional magnetic and optical tweezers
experiments, do not allow to investigate the communication process. In contrast to that, fluorescent
microscope techniques allow to directly detect and track fluorescently labelled enzymes. The dis-
advantage howerver is that only the enzyme is detected. Therefore, no direct correlations between
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enzyme movement and DNA conformational changes are possible. To overcome this lack of informa-
tion both techniques were combined in one setup (see chapter 2). Using the combined setup, the assay
(see figure 1.9) is developed to investigate the enzyme-DNA interaction of the Type III restriction and
modification enzyme EcoP15I with DNA. The labelling of the enzyme with a fluorescent probe is
essential for the ability to follow the movement of single enzyme with fluorescence microscopy. For
this EcoP15I enzyme complexes were biotinylated during expression at the C-terminus of its Res sub-
unit using an Avi-tag. The attachment of fluorophores is done subsequently via a biotin-streptavidin
interaction. The fluorescent probes, here quantum dots or Alexa 488, are covalently attached to strep-
tavidin, which is coupled via the lock-and-key principle to the biotin of the enzyme. The enzyme
biotinylation and purification was carried out in the laboratory of Prof. Mark Szczelkun at the Uni-
versity of Bristol, by Guanshen Cui and Ju´lia To´th who kindly provided this material.
4.2. Characterization of biotin-labelled EcoP15I
In the following section the DNA cleavage kinetics, the DNA binding affinity and the ATPase activity
of the biotin-labelled EcoP15I (Bio-EcoP15I) is compared to the wild-type enzyme. Furthermore the
labelling efficiency with Qdots and Alexa-488-labelled streptavidin (SA) was investigated. The cleav-
age kinetics was analysed by classical bulk cleavage assays [12, 39]. The biotin labelling efficiency
of EcoP15I was tested by a pull down assay. FCS and FCCS techniques were used to investigate the
fluorophore labelling efficiency and the binding affinity of the enzyme to DNA under different buffer
conditions and DNA substrates. The ATPase activity and DNA binding curves were measured in a
stopped flow apparatus.
4.2.1. Bulk solution biochemical assays
Bulk assays are the classical biochemical way to investigate average characteristics of the enzymes
ensemble. In these methods, a mix of nano- to micro-molar concentrated solutions of enzymes
and DNA is characterized. The results of the reaction between DNA and enzymes is subsequently
analysed.
Biotin labelling efficiency - Pull down assay
Only enzymes labelled with a fluorescent probe are visible in the sidewards stretching assay (horizon-
tal stretched DNA). Therefore an efficient fluorescent probe labelling is essential. The requirement
is a labelling efficiency of EcoP15I with biotin of close to 100%. This would also exclude any con-
tamination of the Bio-EcoP15I enzyme batch with wild-type EcoP15I. The biotin labelling efficiency
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Figure 4.1: Labelling efficiency of Bio-EcoP15I with biotin. The
labelling efficiency of Bio-EcoP15I was tested using a pull down
assay based on magnetic beads under reaction conditions in
buffer R+. The supernatant of the pull down was separated by
PAGE gel electrophoresis (10% SDS) [138] and protein bands
were detected via silver staining [139] . The left lane contains a
175 kDa marker. The control lane 1 (no pull down) shows the
Res and Mod subunits of the enzyme complex (marked at the
right side of the gel). Lane 2 contains the supernatant of the
pulldown reaction. In lane 3 (negative control) the enzyme is pre
incubated with streptavidin to inhibit the specific binding of the
enzyme to the magnetic beads and the supernatant of the pull-
down reaction is loaded. Lane 4 shows the background protein
band resulting from BSA and streptavidin (Strep).
of the Bio-EcoP15I was tested by a pull down experiment with streptavidin coated magnetic beads.
For this Bio-EcoP15I enzyme was incubated with streptavidin coated magnetic beads under reaction
conditions in buffer R+ for 15 min. After the incubation the magnetic beads (MyOne, Invitrogen)
were pulled out of the solution using a strong magnet. The supernatant was PAGE gel subjected to
electrophoresis (10% SDS) and subsequently silver stained. Figure 4.1 shows the result of the pull-
down experiment. Control lane 1 shows the Res and Mod unit of the enzyme complex (without pull
down). Control lane 4 shows the background protein bands resulting from BSA and streptavidin in
the reaction buffer. The silver staining allows for a very sensitive detection of proteins (<0.1 ng/mm2
(0.1-0.4 ng per band)). However the staining is non-linear and does not allow to quantify the relative
amount of proteins. The positions of the Res subunit, the Mod subunit, BSA and streptavidin (Strep)
are marked at the right side of the gel. Lane 2 shows the supernatant of the pull down. Nearly all of
the biotinylated Res subunits and most of the Mod subunits were pulled out. To verify that the binding
of the enzyme is specific and not unspecific adsorption to the bead a negative control was done. For
this the enzyme was pre incubated with a 50-fold excess of streptavidin to inhibit the specific binding
to the magnetic bead. As result most of the Res unit is not pulled out of solution, shown in lane 3.
The samples were separated using a PAGE gel (see section A.2). This experiment proves that close
to >90% of the Bio-EcoP15I is biotinylated. To provide another control for non-specific binding of
the enzyme to the magnetic beads, the experiment was repeated also with wild-type enzyme (data not
shown). The amount of non-specific binding is comparable to the reduction of the band brightness
when comparing lane 1 and lane 3.
Bulk solution cleavage assays
The DNA cleavage of biotin-labelled enzyme is investigated according to a bulk cleavage protocol
described in ref. 12. The DNA cleavage kinetics of the biotin-labelled EcoP15I were compared to
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Figure 4.2: Cleavage activity test of Bio-EcoP15I. (A) Sketch of the used DNA plasmid with two Head-to-
Head orientated EcoP15I target sites (triangle). (B)The image shows an example gel of a bulk cleavage assay
described in ref. 12. 2 nM DNA (supercoiled DNA plasmid pDMS60a) in 4 mM ATP containing R buffer was
digested with 15 nM EcoP15I and Bio-EcoP15I. Reactions were started by adding enzymes to a mixture of DNA
and ATP. Reactions were stopped after the indicated time by adding Stop Buffer I. Samples were analysed by
1% TAE agarose gel electrophoresis. Due to cleavage by enzyme the supercoiled plasmid DNA is linearised
and runs slower (indicated by the sketches). The amount of cleaved DNA can be analysed from the intensity of
the bands containing the linearised DNA. The cleavage kinetics is analysed in figure 4.3.
DNA cleavage of the wild-type enzyme.The cleavage assays contained 2 nM DNA ( plasmid super-
coiled DNA pDMS60a, with two Head-to-Head orientated EcoP15I sites, see figure 4.2A and table
C.11), 4 mM ATP in buffer R. The DNA was digested with 15 nM of enzyme. Reactions were started
by adding EcoP15I to a mixture of DNA and ATP. The reaction solution is then incubated at 25◦C.
Reactions were stopped after different times by adding Stop Buffer I, and subsequently stored on ice.
The resulting samples were analysed by agarose gel electrophoresis. The figure 4.2 shows an example
agarose gel of a cleavage assay with wild-type EcoP15I and Bio-EcoP15I. From the amount of cleaved
DNA at individual time points the cleavage kinetics of the enzyme are analysed. For this the intensity
of supercoiled and linearised DNA fragments were analysed by gel densitometry using the ImageJ
gel analysis tool [140]. The experiments were also repeated with Qdot and SA labelled enzymes.
The streptavidin is covalently attached to fluorescent probes, here Qdot 625 [141] or Alexa 488 (see
table C.8), and binds through a lock-and-key principle to the biotin modification of the enzyme. The
labelling was done in a 1:5 ratio of enzymes to fluorescent probes (see also the labelling protocol
A.5 as example). Figure 4.3 shows the result of the cleavage assay. In the first 200 seconds DNA
cleavage kinetics are comparable for all samples. After ≈ 300 seconds the cleavage reactions start to
saturate. This indicates that all samples have approximately the same cleavage characteristic. For this
one can conclude that the biotinylation and the attachment of fluorescent probes to the enzyme do not
inhibit the cleavage activity. However the maximum amount of cleaved DNA is about 15% reduced
in comparison to the wild-type enzyme (Bio-EcoP15I (83%) and EcoP15I (98%)). Variations of the
maximum amount of cleaved DNA of about 30% (70%-100% cleaved DNA) are frequently observed
between different enzyme purification batches (personal communication: Ju´lia To´th). The maximum
amount of cleaved DNA by the biotin-labelled EcoP15I is within the expected variation.
The maximum amount of cleaved DNA of Qdot and SA labelled enzymes are at 69% and 60%. The
Qdot and SA labelling affected the maximum amount of cleaved DNA by about 14% or 23% in com-
parison to the unlabelled Bio-EcoP15I. This indicates that the activity of enzymes is not inhibited, but
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Figure 4.3: DNA cleavage kinetics for wild-type and
Bio-EcoP15I. The graph shows the percentage of
DNA cleaved as function of time for ( • ) wild-type
EcoP15I , ( • ) Bio-EcoP15I , ( • ) Bio-EcoP15I la-
belled with Qdots and ( • ) Bio-EcoP15I labelled with
SA. The amount of DNA cleaved was determined by
gel densitometry from the relative ratio of supercoiled
and linearised DNA fragments (see example gel 4.2).
The enzymes were labelled with Qdot 625 or SA in a
1:5 ratio of enzymes to fluorescent probes.
partially attenuated by the label. Possibly this is the result of steric constraints imposed by the attach-
ment of Qdots or SA. The diameter of Qdot and the SA is about 30 nm or 7 nm respectively (see figure
2.6). Each enzyme complex contains two biotin-labelled Res subunits. Therefore, it is possible that
the probe acts as a kind of spacer between the enzyme complexes. Thus, the direct collision between
two enzyme complexes may be somewhat inhibited. To test whether the inhibition of DNA cleavage
does affect the long-range communication processes, the binding affinity and the ATPase activity of
labelled and unlabelled enzymes were measured using a stopped flow assay (see section 4.2.3).
4.2.2. Fluorescence cross-correlation spectroscopy - Enzyme
labelling and DNA affinity
Fluorescence correlation spectroscopy (FCS) is a highly sensitive optical method for analysing molec-
ular mobility and molecular interactions in a spatio-temporally controlled manner. In FCS, intensity
signals are derived from the transits of individual, fluorescently labelled molecules through a sub-
femtoliter-sized observation volume. The intensity signal as function of time is used to calculate the
autocorrelation function of the signal. The analysis of these curves is based on models that describe
particle concentrations, photo physics, diffusion or other motions and interactions.
For the detection of dynamic co-localizations, such as the binding of an enzyme to DNA, an expansion
of the FCS method is used. The so-called dual-colour fluorescence cross-correlation spectroscopy
(FCCS) uses separate lasers to excite two differently colour labelled fluorescent probe molecules. In-
dependent detector channels are used for the fluorescence detection (see figure 4.4). Here the enzymes
were labelled with Alexa 488 (green species) and the DNAs were labelled with Cy5 (red species). The
correlation function (cross-correlation signal) between the two channels is then calculated, addition-
ally to the autocorrelation of the single channels in standard FCS measurements.
While the green and red species are individually recorded by only one detector, the complex of DNA
and enzyme (green and red species) is detected at both detectors. The cross-correlation of the detector
signals is therefore a measure of the complex formation between DNA and enzyme. For a review of
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Figure 4.4: Scheme of an FCCS experiment. For a dual colour FCCS mea-
surement, fluorescence fluctuations are detected in two spectrally distinct
channels. For this two focused laser beams form a diffraction limited spot in
a sample. The diffusion of a particle carrying only a green label (•) causes
a signal (in the FCS field often called as ”‘burst”’) only in the green detec-
tion channel, whereas a red labelled particle (•) causes a signal in the red
channel. In addition to the autocorrelation of each channel (simple FCS) the
cross-correlation between the channels is calculated (see formula 4.1). Only
double-labelled species contribute to the cross-correlation curve. Thus the
cross-correlation is a measure of the fraction of diffusing entities that carry
both labels. (Image after ref. 142, 143.)
dual-colour cross-correlation spectroscopy with technical details and support, see ref. 144, 145.
Here FCS was used to investigate the fluorophore labelling efficiency and to optimize and develop the
enzyme fluorophore labelling protocol (A.5). In particular FCCS was applied to measure the com-
plex formation between enzyme and the specific or non-specific DNA in presence or absence of ATP.
Furthermore FCCS was used to test different reaction buffers. The influences of anti-fade, different
KCl concentrations and different pH values were tested. The shown measurements were carried out
together with Dr. Wolfgang Staroske (single molecule specialist of the light microscopy facility of
the Biotec, University of Dresden).
Setup
FCCS measurements were carried using a commercial setup consisting of a confocal laser scanning
microscope (LSM510 equipped with a ConfoCor3 unit (Zeiss)). The 488 nm line of an Ar-Ion laser
and the 633 nm line of a HeNe laser were attenuated by a acousto-optical tunable filter (AOTF) to 8
µW and directed via a 488/633 dichroic mirror onto the back aperture of a water immersion objective
(Zeiss C-Apochromat 40x, NA = 1.2). The fluorescence signal was separated from the excitation
light by a 488/633 dichroic mirror and passed through a confocal pinhole (70 µm in diameter). The
fluorescent light was split into the two detection channels by a second dichroic mirror (NFT635,
Chroma). After removing residual laser light by an appropriate emission filter set, the fluorescence
light was recorded in each channel by an avalanche photodiode detector (APD).
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Data analysis
From the fluorescence signals of each run the correlation curves (Gi j(τ)) were calculated by the Zeiss
Confocor software according to:
GδFi j (τ) =
〈
δFi(t) · δF j(t + τ)
〉
〈Fi(t)〉
〈
F j(t)
〉 (4.1)
where 〈〉 denotes the time average and δF(t) = F(t)−〈F(t)〉. Fi(t) is the fluorescent signal in the green
channel and F j(t) in the red channel. For FCS measurements only one detector is used and Fi(t) =
F j(t). For the calculation of the autocorrelation function the data of each measurement (at least 10
runs) were filtered by removing runs showing significant deviations from the average due to diffusion
of large bright particles (most likely aggregates) through the focal volume. From each measurement
the mean FCS/FCCS curve was calculated using the arithmetic mean of the individual runs. The two
auto- and the cross-correlation curves were subsequently fitted by a model including two diffusing
species and an additional term accounting for the photophysics, using a weighted Marquardt non-
linear least square fitting algorithm (using a home written MATLAB script by Wolfgang Staroske).
GFi j(τ) = G
F
i j(0) ·
(
1 +
T
1 − T
)
· eτ/τT ·
 f(1 + τ
τ1
) √
1 + τS 2·τ1
+
1 − f(
1 + τ
τ2
) √
1 + τS 2·τ2
 (4.2)
GFi j(0) is the autocorrelation signal for τ = 0 and is equal to the reciprocal of the mean number of
particles in the focus 1/
〈
Ni j
〉
(see below). Furthermore T represents the fraction of molecules in the
dark state, τT the lifetime of the dark state, τ1 and τ2 the diffusion times of the two species, f the
fraction of the two species and S the form factor, which is the ratio of axial (ωz) over the radial radius
(ω0) of the last focus.
In case of FCCS measurements the number of fluorescent particles in the detection volume were also
calculated from the amplitudes of the correlation curves, which are given by the following set of
formulas:
GFg (0) =
1
Ng + Ngr
; GFr (0) =
1
Nr + Ngr
; GFcc(0) =
Ngr
(Ng + Ngr) · (Nr + Ngr). (4.3)
Here, Ng is the number of only green labelled particles, Nr the number of only red labelled particles
and Ngr the number of particles, which carry both labels. The amount of cross-correlation (cc) was
calculated by dividing the number of double labelled particles by all particles from the less concen-
trated colour (here green)
Ng < Nr : cc(%) = 100 · NgrNr + Ngr = 100 ·
GFcc(0)
GFg (0)
. (4.4)
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Enzyme labelling efficiency with fluorescent probes
The tracking of individual protein depends on an efficient fluorophore labelling. For this the labelling
efficiency OF EcoP15I with stoichiometric amounts of fluorescent probes was measured by FCS. As
fluorescent probe Alexa 488 labelled streptavidin (SA) was used. Bio-EcoP15I was labelled with SA
following the protocol given in the attachment A.5. The FCS curves were calculated following the
definition of the autocorrelation using formula 4.1 with Fi(t) = F j(t). The autocorrelation curves were
fitted with formula 4.2, assuming two diffusing species (free SA and SA bound to Bio-Ecop15I). For
the fit, the diffusion time of free SA was fixed to 108 µs. This value was determined in preceding
experiments of SA, only. The green line (—) in figure 4.5 shows an example FCS curve for Bio-
EcoP15I labelled with SA. From the ratio of slow to fast diffusion molecules, given by the value f
resulting of the fits, the enzyme labelling efficiency is calculated by:
Protein labelling efficiency (%) = 100 · f · a · [S A]
[Enz]
(4.5)
where [S A] and [Enz] are the concentration of Alexa 488 labelled streptavidin and enzyme inserted
in the labelling protocol (see A.5). The SA sample contains ≈ 15% of free Alexa 488, (measured
in an independent FCS experiment, data not shown). Therefore the inserted SA concentration is
corrected (a = 0.85) by the fraction of the “Alexa 488 streptavidin conjugate”to all Alexa-probes
in the sample. The enzyme labelling efficiency was tested for enzyme to SA ratios of 1:1.5 and
1:15. Since each enzyme complex contains two biotin-labelled restriction units the ratio of biotin to
streptavidin molecules is half of the enzyme to SA ratio (1 to 0.75 and 1 to 7.5). The factor f does
not discriminate between double and single labelled enzymes. For each enzyme to SA ratio the mean
of the species fraction f from 10 measurements (each 10 runs, 10 s) was calculated.
For a ratio of 1:1.5 a labelling efficiency of 85±5% was obtained. For the ratio of 1:15 the labelling
with stoichiometric amounts of SA efficiency (87±3%) is within error identical. This shows that the
enzyme can be efficiently labelled. In particular the labelling under low enzyme to SA ratios is useful
for the planned single molecule experiments, since the background resulting from free fluorescent
probe (non-enzyme-coupled) is minimized.
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Figure 4.5: DNA+enzyme complex formation, measured by
FCCS. The graph shows the correlation signals as function of the
lag time. The autocorrelation curves of DNA2 and Bio-EcoP15I
labelled with SA are shown as (—) and (—) respectively. The
cross-correlation between the green and the red signal is shown
in (—). The (—) curves were fitted with formula 4.2. The FCS
curve of DNA2 shows two components. The fast component is
related to the free DNA and the slow component to DNA with
bound enzyme, illustrated by the small sketches (for DNA FCS
sketches, the enzyme label is marked grey, to show that it is opti-
cally not detected). From the cross-correlation curve the amount
of formed DNA+enzyme complex was calculated.
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Each streptavidin has the ability to bind up to four enzyme complexes. Therefore the polymerization
of enzyme and SA to bigger clusters is possible. To rule this out the fluorescence time traces were
analysed. In the fluorescence time trace clusters are detected as spike signals. Spike signals are at
least four time higher than the 〈F(t)〉.
The labelling protocol A.5 was optimized in a way such that no clusters are formed. For this FCS
experiments were done for different enzyme concentrations (50 nM,100 nM,150 nM, 200 nM) in the
coupling reaction buffer and different incubation times (5, 10, 15, 30, 45 and 60 min). It was found
that for enzyme concentrations >200 nM and incubation time >25 min clusters are formed (data not
shown). Furthermore it was found that the labelling ratio is stable after around 10 min. As result of
this, an enzyme concentration of 132 nM and an incubation time of 15 min is used in the labelling
protocol.
Measurement of enzyme binding to specific and non-specific DNA
FCCS was used to measure the complex formation of EcoP15I with specific and non-specific DNA.
For this the cross-correlation signal between SA labelled Bio-EcoP15I and Cy5 labelled DNA was
measured. For the experiments 15 nM SA-Bio-EcoP15I was mixed with 60 nM of DNA in buffer R+,
unless stated otherwise. After 5 min of incubation the FCCS measurement was started and repeated
after 40 min. Figure 4.5 shows an example FCCS experiment. The experiment was carried out with
DNA2 in presence of 4 mM of ATP. DNA2 is labelled at the 5´ end with Cy5 and contains an EcoP15I
target site in the middle of the oligonucleotide. The enzyme was labelled with SA in a ratio of 1:1.5
using the standard protocol (see attachment A.5).
The red curve in figure 4.6 shows the autocorrelation (FCS) plot of DNA2. The curve consists out
of a main fast and a main slow diffusive species, illustrated by the small sketches. The fast species
is related to the free DNA and has a fast diffusion time. In comparison to this, the second diffusion
time is significantly slower (τDNA  τDNA+enzyme). The second species of the FCS curve is related to
the complex of DNA and enzyme. Therefore the FCS curves allow for a qualitative characterization
of the complex formation. However, it is known that the curve is more complex. The measured au-
tocorrelation curve is the superposition of at least four different diffusive species. The enzyme could
be attached with no, one or two labels and only using FCS measurements would not allow to quantify
the complex formation. This problem can be circumvented with the use of FCCS. Therefore the FCS
curve of the SA labelled Bio-EcoP15I was measured (green curve), simultaneous in the same focal
volume.
The SA-Bio-EcoP15I FCS curve shows more than one diffusive species as well, but less pronounced.
The cause for this is that τDNA  τEnzyme so that τEnzyme ≈ τEnzyme+DNA. To quantify the amount of
formed DNA enzyme complex the cross correlation (blue line) between the green and the red channel
was calculated. The cross-correlation allows to directly measure the number of DNA+enzyme com-
plex formed, while not distinguishing between double and single labelled enzymes.
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Figure 4.6: Formation of the DNA + enzyme com-
plex. The data show the normalized cross-correlation
signal of the DNA + enzyme complex as function of
the substrate and in presence or absence of ATP (4
mM). The data were normalized using an siRNA cal-
ibration sample [146]. In presence of ATP, 35%±4%
of the enzyme bind to DNA containing an EcoP15I
target site. In absence of the target site, within the
error, no binding could be observed (3±5%) . In ab-
sence of ATP 72%±1.5% of the enzyme bind to DNA
containing a target site. For DNA without target site
only a very low binding was observed (6±3%).
The focus volume and illumination conditions for the two FCS channels never match perfectly and
therefore cross-correlations are always lower than 100%. To account for the non-perfect excitation
and detection conditions, the FCCS measurements was calibrated using a double labelled (Alexa 488/
Cy5) siRNA sample [146]. The cross-correlation signal of the DNA+enzyme complex was propor-
tionally normalized by the calibration value for which was obtained (cross-correlation = 42±2%).
Figure 4.6 shows the result of the complex formation experiment between DNA and enzyme. In pres-
ence of 4 mM ATP and a single EcoP15I target site on the DNA2, 35%±4% of the enzyme form a
complex with DNA. However, within the error of the measurement, no significant binding (3±5%
cross-correlation) could be observed in the absence of a target site. In the absence of ATP 72%±1.5%
of the enzyme forms a complex with DNA containing a single EcoP15I site. For DNA without target
site a very low complex formation 6±3% is observed. This finding shows that the enzymes recognize
their target sites and form a complex with DNA. The complex formation in presence of ATP is re-
duced by a factor of 2 in comparison to the absence of ATP.
Furthermore FCCS was used to test the presence of an oxygen scavenger system in the reaction
buffers. For this the experiment with specific DNA in the presence of 4 mM ATP was repeated.
For the oxygen scavenger system [147–149] (cocktails), 20 nM D-Glucose, 0.1% BME, 0.02 mg/µl
Glucose Oxidase, 0.008 mg/µl Catalase were added to the buffer R+. The oxygen scavenger should
reduce the photocleavage [150] in the sidewards stretching experiments under simultaneous TIRF-
illumination (see sections 1.4 and 4.4). The cross-correlation signal of ATP in presence of oxygen
scavenger is slightly reduced to 32%±5%. This shows that the oxygen scavenger has no significant
effect.
The observations made with FCCS are consistent with stopped flow measurements on wild-type
EcoP15I (see section 4.8 figure 4.8) and Bio-EcoP15I (see section 4.2.3). From the FCCS measure-
ments it can be concluded that the SA labelled Bio-EcoP15I specifically interacts with the EcoP15I
target site and that this interaction is ATP dependent. These observations are in agreement with the
assumptions of the 1D sliding model for Type III restriction enzymes.
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4.2.3. Stopped flow - DNA binding, affinity and ATPase
measurements
Stopped flow is an optical method to study the kinetics of enzymatic reactions in bulk. The stopped
flow instrument is a rapid mixing device for two or more solutions. After mixing the solutions, the
reaction of the solutions is typically followed by fluorescence spectroscopy with millisecond time
resolution (see figure 4.7A). The observation starts after a dead time (mixing time) of only a few
milliseconds. Here, the binding of EcoP15I to DNA is measured by fluorescence anisotropy. For this,
the fluorescence emission is detected parallel (‖) and perpendicular (⊥) to the polarization direction
of the excitation beam (see figure 4.7B) [85, 151, 152]. The anisotropy (r) is defined as the difference
between the parallel (I‖) and perpendicular (I⊥) polarized fluorescence emission divided by the total
fluorescence emission ([85]):
r =
I‖ − I⊥
I‖ + 2I⊥
(4.6)
The fluorescence anisotropy signal allows the determination of the rotational correlation time of the
fluorescent probe. The rotational correlation time of fluorescent probe depends on the motion of the
entire probe. For the measurements the probe is composed out of a hexachlorofluorescein (HEX)
fluorophore as sensor, which is covalently attached to the 5´ end of a 50 bp long DNA oligonucleotide
(6/50 P15I see table A.1). Similarly to the diffusion time in the FCS measurement, the rotational
correlation time changes due to the binding of an enzyme. The enzyme binding reduces the rotation
speed of the probe, which in turn increases of the anisotropy signal. In the following this method is
used to investigate the binding kinetics of EcoP15I to DNA. The binding kinetics allows to investigate
the fraction of enzymes which binds to DNA. The fraction of DNA binding enzyme is a quality factor
for the activity of a purification batch. The fraction of enzymes which cannot bind to DNA are
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Figure 4.7: Scheme of a stopped flow apparatus. (A)
The solutions in syringe A and B are rapidly mixed
and injected into a detection chamber. The reaction
of the compounds is followed by optical spectroscopy
(e.g. absorption and fluorescence anisotropy). For
fluorescence anisotropy measurements the illumina-
tion light is linearly polarized (‖). The fluorescence
emission is detected parallel (‖) and perpendicular
(⊥) to the polarization direction plane of the excita-
tion beam. (B) Scheme of the anisotropy assay to de-
tect the binding of EcoP15I to DNA. The fluorophores
at the end of the DNA are excited by linear polar-
ized light. Due to the tumbling (rotation) of the flu-
orophore, between the light absorption and fluores-
cence emission , the observed light loss of polariza-
tion. The polarization does increas with the tumbling
speed. Top image fast tumbling (depolarized emis-
sion). Bottom image slow tumbling due to binding of
an enzyme complex to DNA (polarized emission).
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“dead” and cannot cleave the DNA. Furthermore, the effect of streptavidin labelling of the enzyme
on the binding kinetics is studied. The measurement shown were done together with Dr. Ju´lia To´th at
the University of Bristol (Research group of Prof. Mark Szczelkun).
Setup
The stopped flow measurements were carried out with a commercial High-Tech SF61 DX2 Double
Mixing Stopped-Flow system [153]. Using the built-in monochromator, the fluorescence excitation
wavelength was set to 438 nm (ATPase assay) or 532 nm (anisotropy assay). The fluorescence was
separated from the scattered light by a 455 nm (ATPase assay) or 550 nm (anisotropy assay) bandpass
filter (GG455 or GG550, Edmund optics). The fluorescence light was recorded by photomultiplier
detectors.
Measurement of the binding kinetics of wild-type EcoP15I to DNA for different
nucleotides
The binding kinetics of wild-type EcoP15I to DNA in presence of different nucleotides were investi-
gated. The binding kinetics were measured by using the stopped flow fluorescence anisotropy assay
presented in figure 4.7B. For this 40 nM of enzyme (Syringe A) were mixed with 25 nM 6/50P15I
DNA (see table A.1) and 4 mM nucleotides (Syringe B) under standard conditions in reaction buffer
R+. This experiment allows multiple turnovers, i.e. each enzyme is able to do multiple cycles of
DNA binding and dissociation. The enzyme binding to the DNA is followed by the change of the
anisotropy signal. The anisotropy signal was offset corrected by a blank measurement in the absence
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Figure 4.8: Binding kinetics of EcoP15I to DNA in the presence of different nucleotides. (A) ( • ) blank mea-
surement without enzyme, ( • ) apo, ( • ) AMP-PNP, ( • ) ADP or ( • ) ATP. The initial binding of the enzyme
can be observed within the first three seconds. For apo, AMP-PNP and ADP the initial binding is followed by an
equilibrium phase, in which the DNA coverage stays constant. However, for ATP the initial binding is followed
by a decay phase. In the decay phase more enzyme dissociations than binding is observed before the system
reaches equilibrium. (B) Enlarged view of (A): Showing the initialisation. The data were kindly supplied by Ju´lia
To´th from the University of Bristol (Research group of Prof. Mark Szczelkun).
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of enzyme. Subsequently the offset corrected anisotropy was normalized to show the percentage of
DNA bound by enzymes. For normalization the plateau value in the equilibrium phase of the binding
curve under saturating enzyme concentrations was measured (data not shown). Figure 4.8 shows the
kinetics of EcoP15I in presence of different nucleotides. For the absence of any nucleotide (apo) or
in presence of AMP-PNP and ADP, tight binding of enzymes to DNA is observed. After an initial
binding phase (first two seconds), which is seen as i an increasing DNA coverage (non-equilibrium
phase), the equilibrium is reached in which the DNA coverage stays constant at 90-100%. However,
in presence of ATP the binding kinetics is much more complex. This kinetics can be explained by
a 3 step mechanism. The fast initial binding of the enzyme complex is followed by a dissociation
phase before equilibrium is reached (≈ at 35% DNA coverage). The ATP dependence of this process
indicates that the ATPase activity of the enzymes triggers a process which leads to dissociation from
DNA.
These observations are consistent with the results of the FCCS investigations of Bio-EcoP15I enzyme
binding to DNA (see figure 4.5 in section 4.2.2). It should be noted that the FCCS experiments with
Bio-EcoP15 (were performed under saturating DNA concentrations and) do not allow to investigate
the binding kinetics.
The general agreement between FCCS data and the stopped flow measurements suggest that the bi-
otinylation and the attachment of fluorophores do not significantly change the DNA enzyme interac-
tions. However, the reduction of the total amount of DNA cleavage in the bulk cleavage assay (see
section 4.2.1) can not be explained by this observation.
Measurement of the binding kinetics and the affinity of Bio-EcoP15I to DNA
The DNA binding and binding affinity curves of Bio-EcoP15I and streptavidin labelled Bio-EcoP15I
were investigated by using the stopped flow fluorescence anisotropy assay, which is presented in
the previous section, figure 4.7B. For this the enzyme (Syringe A) was stoichiometrically titrated
against 25 nM of 6/50P15I duplex DNA (Syringe B). The experiments were performed in absence
of nucleotides (apo) in buffer R+ (standard reaction conditions). The DNA affinity constant (kA) is
subsequently calculated from the amount of DNA bound by the enzyme in equilibrium.
The measurement of the DNA binding and kinetics allows to check whether fluorescent labeling of
Bio-EcoP15I reduces the total amount of DNA cleavage observed in the bulk cleavage assay (see
section 4.2.1) or it is originated from a signification amount of non-active enzymes in the particular
purification batch. Non-functional, i.e. “dead”, enzymes are misfolded or fragmented enzymes, which
lose the ability to form a complex with DNA function and cannot perform the cleavage reaction. In
the ideal case the DNA binding mechanism is not significantly effected by dead enzymes. Low active
enzymes are modifications of the wild-type enzymes. Typical modifications are for example slight
misfoldings, binding of co-factors or other small molecules (e.g. the attachment of streptavidin),
natural or artificial mutation of its amino acid sequence. These modifications usually do not change
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Figure 4.9: DNA binding kinetics for different enzyme concentrations. (A) DNA binding by Bio-EcoP15I as
function of time. For this EcoP15I was titrated against DNA in R+ buffer in absence of ATP(( • ) 0 nM, ( • ) 10
nM, ( • ) 15nM, ( • ) 20 nM, ( • ) 25 nM, ( • ) 30 nM, ( • ) 40 nM, ( • ) 50 nM, ( • ) 70 nM of Bio-EcoP15I). The
initial binding within the first two seconds is followed by an equilibrium phase in which the DNA coverage stays
constant. (B) Repetition of the DNA binding experiments with streptavidin labelled Bio-EcoP15I. In comparison
to the unlabelled experiments the plateau phases are slightly reduced. The equilibrium level of the curves were
fitted by a constant function (—).
the reaction mechanisms of the enzyme, but the binding affinity, the catalytic activity and the number
of reaction an enzyme can catalyse before it dies are affected [154]. Figure 4.9A shows the percentage
of DNA bound by Bio-EcoP15I as function of time. The kinetics show the tight binding of the enzyme
to the DNA within the first two seconds which is followed by an equilibrium phase.
While comparing the binding kinetics for 40 nM Bio-EcoP15I ( • , figure 4.9) with the wild-type trace
( • , figure 4.8) a very similar behaviour is found. In particular the shape and the time scale of the
initial binding of the enzyme follow the same characteristics, only the plateau value of the equilibrium
phase is about 20 % reduced for the biotin-labelled enzyme.
The experiments were repeated with streptavidin labelled enzymes (10 nM, 30 nM and 70 nM) (see
figure 4.9B). The labelling was done with 10-fold molar excess of streptavidin using the standard
protocol (see A.5). The DNA binding kinetics shows that the streptavidin label does not significantly
effect the initial binding of the enzyme. However the equilibrium level is additionally reduced by
10% to 15%. Figure 4.10 shows the amount of DNA bound in the equilibrium as function of the
enzyme concentration. The plateau values were determined from the DNA binding curves by fitting
the equilibrium phase by a constant function (see figure 4.9). The dissociation constant of the binding
reaction ka=1/kd was determined by fitting the titration curve with a modification of the tight binding
model given by the Morrison equation [155] :
DNA bound(%) = 100 · ([E0] + [D0] + kd) −
√
([E0] + [D0] + kd)2 − 4[D0][E0]
2 · [D0] (4.7)
Here, [E0] and [D0] are total the enzyme and DNA concentrations. The formula was derived from
the mass action law with [E0] = [E f ree]+[E·D], [D0] = [D f ree]+[E·D] and DNA bound (%) = ([E·D]/
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Figure 4.10: Enzyme binding in equlibrium. The
graph shows the amount of DNA bound in the equilib-
rium phase as function of enzyme concentration from
(L) wild-type EcoP15I, (◦) Bio-EcoP15I and (•) Bio-
EcoP15I labelled with streptavidin. The data were
fitted with the tight binding model (—) (see equation
4.7). For the Bio-EcoP15I labelled with streptavidin
the fit of the data has large uncertainties and is there-
fore drawn as (· · · ). The wild-type EcoP15I data were
kindly supplied by Ju´lia To´th from the University of
Bristol (Research group of Prof. Mark Szczelkun).
[D0])·100, where [E·D] is the concentration of the enzyme-DNA complex and [E f ree] and [D f ree] are
the concentrations of free enzyme and DNA. The dissociation constant kd gives the concentration of
free DNA ([D f ree]), where [E f ree] = [E·D].
For wild-type EcoP15I a very tight binding with kd = 0.17±0.06 nM is seen. An extrapolation of the
linearly growing phase (first 4 data points) crosses the 100% binding value at 26.4 nM enzyme con-
centration. This shows that at least 95% of the enzyme in the purification batch can form a complex
with the DNA (initial concentration of 25 nM).
For Bio-EcoP15I and Bio-EcoP15I labelled with streptavidin a signification effect on the DNA bind-
ing affinity can be observed. For Bio-EcoP15I a kd of 0.91±0.27 nM and for Bio-EcoP15I labelled
with streptavidin a kd of 1.5±0.7 nM was obtained. The extrapolations of the linear growing phase
cross the 100% binding value at 47± 2 nM and 63±8 nM, respectively.
The DNA binding curve of Bio-EcoP15I shows that the formation of the DNA enzyme complex is not
significantly effected by the biotinylation of the enzyme. The DNA affinity of the enzyme is reduced,
however the initial DNA binding is not significantly affected, which indicates that the DNA bind-
ing mechanism is the same as for the wild-type enzyme. The reduction is within a typical variation
between different enzyme batches known for mutants and wild-type purification batches [154, 156]
(personal correspondence with Ju´lia To´th from the University of Bristol (Research group of Prof.
Mark Szczelkun)).
Therefore the reduction of the enzyme affinity is related to a larger quantity of non-active enzyme
in the purification batch and a reduction of the enzyme activity. The observations made here are in
agreement with the observations of the bulk cleavage assay (see section 4.2.1). There it was found that
Bio-EcoP15I cleaves only 83% of the DNA. The attachment of a fluorescent label via a streptavidin
cross linker reduced the total amount of DNA cleavage additionally by 14% to 23%. Both effects,
the reduction of the DNA binding affinity and the total amount of DNA cleavage are evidences for
a reduction of the enzyme activity. However, the imported observation is that the trend of the bind-
ing curve is comparable with the wild-type behaviour (see figure 4.8). To show that enzyme which
interacts with the DNA behaves similarly to the wild-type, the ATPase activity of the enzyme was
measured under saturating concentrations.
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Measurements of the ATPase activity of Bio-EcoP15I
The ATPase activity per DNA molecule was measured using a coumarin-labelled PBP sensor [157].
The PBP sensor is a coumarin-labelled phosphor binding protein (PBP) fluorescent reporter. The
fluorescence emission of the sensor increases due to the binding of inorganic phosphate (Pi). The
amount of Pi in the solution is detected by the total fluorescence intensity. After a calibration of the
total fluorescence intensity, this method allows the indirect determination of the ATPase activity on
a millisecond time scale. For the calibration, the fluorescent signal of well defined Pi concentrations
was measured (data not shown).
In the previous section it was found that the affinity of Bio-EcoP15I to DNA is reduced in compar-
ison to the wild-type enzyme. To allow a comparison of the ATPase activity between the wild-type
enzyme and the biotinylated version the following experiments were done under saturating enzyme
conditions. 80 nM of enzyme (Syringe A) were mixed with 50 nM 6/50P15I DNA (see table A.1)
and 5 mM nucleotides (Syringe B) under standard conditions in reaction buffer R+. Furthermore the
experiments were repeated with Qdot and streptavidin labelled enzymes. For Qdot-Bio-EcoP15I an
1.25-fold and for SA-Bio-EcoP15I a 10-fold excess of the label over the enzyme was used, respec-
tively. The labelling was done by using the standard enzyme labelling protocol A.5.
Figure 4.11 shows the result of the ATPase measurement. The ATPase activity per DNA is indepen-
dent from the biotinylation and fluorophore labelling in comparison to the wild-type enzyme. The
ATPase rate given by the slope of the curves is between 132 ATP / DNA·min (wild-type EcoP15I)
and 162 ATP / DNA · min (Qdot-Bio-EcoP15I). The observed variation is within the typical errors of
independent measurements (≈ ± 45 ATP / DNA · min).
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Figure 4.11: ATPase activity of labelled and unlabelled EcoP15I.
ATP consumption per DNA as function of time: (—) Wild-type
EcoP15I, (—) Bio-EcoP15I, (—) Qdot-Bio-EcoP15I and (—) SA-
Bio-EcoP15I. The graph shows that the ATP use activity of the
enzyme is far biotinylated and fluorescently labelled EcoP15I is
similar to the wild-type enzyme.
4.2.4. Conclusions for the characterization of biotin-labelled
EcoP15I
In this section biotinylated Bio-EcoP15I with and without attached fluorescent label was carefully
characterized. It was shown that: (i) The biotinylated version of the enzyme cleaves DNA with
similar rate as the wild-type enzyme; (ii) The DNA kinetics is not significantly affected; (iii) The
affinity of the enzyme DNA is reduced, by a tolerable degree (evidence for a slight reduction of the
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enzyme activity but a significant amount of non-active enzymes in the purification batch); (iv) The
ATPase rate is not affected, i.e. the observed ATP hydrolysis kinetics are consistent with the results
presented in references [10, 12]; (v) The enzyme-DNA interaction is dependent on the presence of
ATP (measured by FCCS and stopped flow). Furthermore, it is shown that nearly 100% of the enzyme
batch is biotinylated and that an efficient attachment of fluorescent markers can be performed.
From these results one can conclude that the binding and target site communication mechanism of
EcoP15I is not significantly affected by the labelling procedure. Therefore the study of the Qdot
labelled Bio-EcoP15I allows to investigate the general long-range communication mechanism of Type
III restriction enzymes using the model system EcoP15I.
4.3. Preparation of long DNA constructs with predefined
enzyme recognition sites
In this section the preparation of long DNA constructs (>17 kbp) for the stretching within the magnetic
tweezers is presented. As described in the objectives of this thesis (see section 1.4) the use of such long
DNA constructs is a requirement for the acquisition of fluorophore labelled enzymes on sidewards
stretched DNA. Here, the DNA is stretched within the evanescent field of a TIRF-microscope (see
figure 1.9). Figure 4.12 shows a schematic representation of the prepared DNA constructs with a
magnetic bead (1µm) attached at the end.
The traditional way to prepare DNA constructs (length up to 13 kbp) for magnetic tweezers is to use
a DNA from a bacteriophage or linearised plasmid DNA as a backbone and ligate at its ends handles
that are DNA. The handles allow the attachment to the magnetic bead and substrate surface (see
section 2.2.1). This traditional strategy (see ref. 52, 109) failed for the preparation of DNA constructs
for the planned experiments with EcoP15I of at least 17 kbp length due to three major problems: (i)
The purification of long DNA (>10 kbp) from agarose gels is extremely inefficient (yield <5% for
silica-membrane methods); (ii) The ligation of long DNA molecules (>12 kbp) with short tails (<0.6
kbp) or other long DNA is inefficient (yield <20%); (iii) DNA from bacteriophages or from plasmids
SFS2
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SFS4
Figure 4.12: Schematic representation of the used
DNA constructs. The graph shows the contour length
(full extended), with a 1 µm magnetic bead attached
to one end (grey bead). The position and orienta-
tion of the EcoP15I target sites is shown by trian-
gles. SFS2: Multi-target site DNA construct. The
construct contains 17 EcoP15I target sites in head
(5´-3´) and 13 in tail (3´-5´) orientation (random dis-
tributed). Target sites in the same orientation that
are closer than 1 kbp are shown as one triangle. The
number of combined sites is given by the label under
the sites. SFS4: long Head-to-Head DNA construct.
SFS6: long Head-to-Tail DNA construct.
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generally contain many EcoP15I target sites at random loci and short distances. This does not allow
the fabrication of DNA constructs with only two well EcoP15I target sites with defined orientation.
For the preparation of long DNA substrates with only two EcoP15I sites these problems had to be
solved. The purification efficiency (problem (i)) was systematically improved by testing different
DNA gel extraction methods. An overview of different purification methods is given in table 2 in ref.
158. It was found that the use of a “freeze & squeeze” DNA purification method could enhance the
purification yield of long DNA (>10 kbp) to around 25%. For the freeze & squeeze method [159]
the band of interest (which contains the DNA of interest) is cut from an agarose gel, chopped and
frozen at -20◦C for 5 min. Subsequently the sample is spun through a 0.45 µm cellulose acetate filter.
The purification efficiency could be further enhanced by the choice of the agarose and the loading
dye composition. The best results (yield >40%) were achieved by using a 0.6% USB agarose from
Affymetrix and a self-made loading buffer (450 mM EDTA, 60 mM Tris-HCl (pH 8.0), 15% Ficoll,
Orange G). The main disadvantage of the freeze & squeeze method is the rather large volume of the
extracted liquidyielding DNA concentrations (<5 ng/µl). For the further use of the DNA the DNA
was concentrated to >250 ng/µl using a speedvac centrifuge. In order to prevent the enrichment of
salts in the concentrated DNA sample, the agarose gel was desalted in water, before the excision of
the DNA band of interest.
The ligation of long DNA with short tails (problem (ii)) was mainly limited due to the self ligation of
the short DNA tails and the tendency of the long DNA to fragment (break into smaller pieces). It was
found that the addition of 10% PEG (35 kDa) to the ligation reaction improved the ligation efficiency
by 50%.
Long DNA construct with multiple EcoP15I recognition sites
The SFS2 DNA construct containing multiple target sites for EcoP15I enzymes was prepared using
the traditional procedure of a one-pot ligating reaction of three fragments through suitable sticky ends.
The fragments and the preparation is described in detail in the appendix (A.4.1). The main part of the
construct consists of a 19.3 kbp long fragment of the Supercos1+lambda 12 plasmid, which contains
17 EcoP15I target sites in one and 13 in the reverse orientation (see figure 4.12).
SFS4 and SFS6 DNA constructs with predefined EcoP15I recognition sites
For a detailed study of the binding of EcoP15I to DNA and its target site communication process
the constructs SFS4 and SFS6 were designed. As shown in figure 4.12 the constructs contain two
EcoP15I target sites in either a Head-to-Head or a Head-to-Tail orientation. The distance of 6 kbp
between the target sites allows the specific detection of enzyme binding to both target sites in a TIRF-
microcope.
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Figure 4.13: Scheme for the preparation of long DNA
constructs with only two EcoP15l sites. (A) The DNA
constructs SFS4 (and SFS6) consist of six parts and
5 different fragments (i)-(v) (for details see A.4.2). (i)
and (ii) are the tails for the attachment to the sub-
strate surface ((i) DIG-tail ) and to the magnetic bead
((ii) Bio-tail). (iii) is a spacer fragment. The plas-
mid pUC18-48x601-197 is digested with EcoRI and
HindIII to obtain a ≈10 kbp long DNA stretch without
a EcoP15I site. (iv) and (v) build the central parts of
the construct and contain the EcoP15I target sites.
Both parts are made by PCR. To allow an efficient
ligation of two very long DNA fragments (≈ 13 kbp) a
8 bp overhang at the end of each fragment was cre-
ated by introducing a Nt(b)BbvCI nicking site enzyme
into the PCR primer. (B) Scheme of the two-pot lig-
ation protocol. First pot: Ligation of each half of the
construct consisting of DIG- or Bio-tail with spacer
and corresponding main-part. The resulting mix of
ligation products is purified from the gel. Second pot:
Ligation of the two 13 kbp DNA fragments to the final
DNA construct.
In contrast to the preparation of the SFS2 construct, where it was sufficient to optimise the traditional
preparation protocol, the preparation of the SFS4 and SFS6 constructs could not be achieved by this
approach. The reason for this is problem (iii), i.e. that bacteriophage and plasmid DNA contain
many typically EcoP15I target sites at random loci and short distances. The 6 bp long recognition
sequence of EcoP15I (5´-CAGCAG-3´) is repeated in random DNA by chance every 46/2 bp = 2048
bp. The probability to find a long phage or plasmid DNA fragment (>17 kbp), which contains only
few EcoP15I target sites with an inter-site distance of at least 4 kbp is therefore rather low. Scanning
the 1070 plasmid vectors of the VectorDB database [160, 161] confirmed this assumption. The scan
was performed using a self written LabView software (details are available upon request).
This problem was circumvented by assembling the DNA construct out of several DNA fragments.
The key idea was to use a central DNA fragment which contains the EcoP15I target sites. This central
element is flanked on both sites by a spacer DNA to extend the total DNA length. It is important
that the spacer DNA does not contain any EcoP15I target site. Figure 4.13A shows the fragments
that were used for the assembly of the long DNA constructs with two predefined EcoP15I recognition
sites. The DNA constructs SFS4 (and SFS6) consist of six parts that are made from five different
fragments (i)-(v) (for details see A.4.2). (i) and (ii) are the handles which allow the attachment to the
substrate surface ((i) DIG-tail) and to the magnetic bead ((ii) Bio-tail). The labelled tail fragments
were prepared by digesting a 1.2 kbp digoxigenin- and a biotin dUTP-labelled PCR fragment with
EcoRI, respectively, approximately in the middle of the fragments. As spacer fragment (iii) the repeti-
tive sequence of the pUC18-48x601-197 plasmid was used (see plasmid list C.5, [162]). The plasmid
contains 48 repeats of 197 bp in length comprising the Widom 601 nucleosome position sequence
[163]. The 197 bp long sequence does not contain any EcoP15I target site. This allows to use the
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repetitive sequence of the plasmid as spacer fragment. The plasmid pUC18-48x601-197 was digested
with EcoRI and HindIII to obtain the ≈10 kbp long spacer fragment. The central part of the constructs
consists of the two PCR fragments (iv) and (v), each containing one EcoP15I target site. The PCR
fragments were digested with HindIII and Nt.BbvCI / Nb.BbvCI respectively.
Traditional constructs are prepared in a one-pot reaction, where all individual fragments are mixed
and ligated together. The main disadvantage of this strategy is the inefficient ligation of long DNA
fragments (ligation of two 12 kbp fragments provides a yield  1%). Due to this, a new ligation
approach was developed (figure 4.13B), where the construct was prepared in two steps (two-pot reac-
tion). In the first step the two halves of the construct were ligated. First, the spacer DNA was ligated
with a DIG- or Bio-tail and the corresponding central part. The ligation efficiency for each half was
about 40%. Out of the mix of ligation products the full ligation product was purified from an agorose
gel and vacuum concentrated.
In the second step, the two prepared halves were ligated to create the full DNA construct. The lig-
ation of these two long DNA fragments was still inefficient and an improvement of the ligation was
necessary. For the rejoining of DNA double strand breaks it was reported that the rejoining efficiency
depends on the ssDNA overhang length [164]. In comparison, the rejoining of DNA with an 8 bp
overhang is ≈ 150 times more efficient than the rejoining of DNA with a 4 bp overhang.
To enhance the ligation efficiency of the two halves of the construct an 8 bp overhang was created
at the end of each fragment. For this an Nt.BbvCI/Nb.BbvCI nicking enzyme site was incorporated
into the primers for the PCR of the central fragments [165]. The subsequent ligation of these frag-
ments remained relatively inefficient (yield <3%), but provided enough material for single molecule
experiments. For further details about the preparation of the long DNA constructs, see the attached
preparation protocol given in the appendix A.4.2. The protocol was developed together with Sylvia
Clausing from the DNA Motors group.
4.4. Direct observation of 1D diffusion of EcoP15I along DNA
In this section the setup, combining magnetic tweezers and TIRF-microscopy, is used to directly
observe the binding and movement of single EcoP15I enzymes along DNA. For this a novel single
molecule assay was developed that was used to verify the 1D sliding model for Type III restriction
enzymes (see introduction chapter 1.3) and that allowed to characterise the full interaction cycle of
single EcoP15I enzymes with DNA, from the initial binding to the release.
Timer stacks of fluorescence images show the bidirectional motion of single Type III restriction en-
zymes along DNA (see section 4.4.1). Direct proof for 1D diffusion is provided by investigating th
mean square displacement of the enzyme over time (see section 4.4.2). Additionally it is found that
enzyme switches between a diffusive and target-site bound state. Furthermore the path of the diffusing
enzyme along the DNA was investigated (see section 4.4.2).
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4.4.1. A single molecule assay to investigate the binding and
movement of single Type III restriction enzymes
To directly visualise of the binding and the movement of single fluorescently probe labelled enzymes
along DNA, the 26 kbp long DNA construct (see section 4.3) that are tethered to magnetic beads,
were sidewards stretched in almost perpendicular orientation with respect to the optical axis of the
objective. This allows to directly localize fluorescently labelled enzymes on the DNA.
The sidewards stretching of the DNA is accomplished using the magnet configuration see section
2.3.3 and the capillary flow cell with (sub-)millimetre-sized rectangular cross-section (outer dimen-
sion: 700 µm, inner dimension: 500 µm, described in sections 2.3.3 and 2.3.4). The workflow of the
assay is presented in figure 4.14. The protocol takes at least two working days and is given in detail
the attachment A.6. The protocol consists of three main parts including 18 sub-steps.
Part one (steps 1-8) of the protocol deals with the setup and the DNA preparation and starts with the
mounting of a capillary flow cells (for the preparation of these flow cell see section 2.3.4). Since the
surface blocking is very time consuming (≈ 10h), this part of the protocol should be done one day
in advance. With exception of step 4 all steps are straightforward and therefore not further discussed
here.
In step 4 the fluorescence background caused by the substrate surface of the capillary flow cell is
measured (for details see protocol A.6). It was found that the fluorescence background is an indi-
cator for the quality of the substrate surface passivation. It was frequently observed that flow cells
with fluorescence background signals of ' 500 photons/s·pixel are critical, although low fluorescence
backgrounds itself are required for experiments with Qdots as fluorescent labels. A direct correlation
between the fluorescence background and the stickiness of the substrate surface for Qdot labelled
EcoP15I enzymes is observed. Possibly, the fluorescence background indicates that the substrate sur-
faces were not satisfactorily cleaned. For fluorescence backgrounds above 500 photons/s·pixel it is
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Figure 4.14: Workflow of the measurement protocol. The protocol can be divided into three parts and 18
steps. (Part one) Setup and DNA preparation: General preparations in front of every experiment. (Part two)
Calibration: Alignment and adjustment of the DNA and TIRF-microscope settings. (Part three) Measurement:
Setting up of the enzyme reaction conditions and start of the measurement. During the measurements (step
17 and 18) fine tuning of the optical settings and buffer exchanges during the measurement are performed.
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therefore recommended to mount a new flow cell and start with the protocol from the beginning.
The aims of Part two (Calibration) are the determination of the DNA position (attachment point and
stretching direction of the DNA) and the adjustment of the TIRF-microscope (steps 11-13). The de-
termination of the DNA position is straightforward (steps 9 and 10) and described in the protocol (see
A.6). The adjustment of the optical settings is essential for a successful experiment, and due to this the
autofocus feedback is set in step 11. For this a 3.2 µm large reference bead attached to the substrate
surface is used. The focus position of such reference bead is ≈ 1.5 µm above the substrate surface.
This allows a simple determination of the substrate surface position. For the experiments the focus of
the fluorescent channel is set 200 nm to 300 nm above the substrate surface. This corresponts to an
overfocus of 5.5 µm for a reference bead in the magnetic tweezers channel. Tracking of the reference
bead in the magnetic tweezers channel simultaneously with the fluorescent image acquisition allowed
the performance of a feedback to keep the focus at a defined position with respect to the substrate
surface. This way defocusing due to thermal drift is practically eliminated.
In steps 12 and 13 the optical settings are adjusted. The autofluorescence of the magnetic bead is
used to adjust the optimum gain of the EMCCD-camera (step 12). Furthermore, the autofluorescence
images of the beads are used to adjust the evanescent field depth of the TIRF-microscope (step 13).
to ≈ 200 nm (for details of the adjustment see A.6).
After accomplishing parts 1 and 2 the setup is ready for the actual measurement (Part three). In step
14 the buffer in the flow cell is exchanged by the reaction buffer without enzyme. Subsequently the
measurement is started (step 15), by flushing the fluorescently labelled enzyme in reaction buffer in
the flow cell and by starting the acquisition of fluorescence images (step 16). Steps 17 and 18 are
options during a measurement. Details of the enzyme preparation are given in part 3 of protocol
A.6.
Direct observation of the interaction of EcoP15I enzymes with DNA
The direct visualization of the interaction of EcoP15I with DNA was initially carried out using the
multiple target site DNA construct SFS2 (see figure 4.12). EcoP15I was labelled with Qdot and the
measurements were done under cleavage reaction conditions in presence of buffer R+ and 4 mM ATP.
Figure 4.15 shows representative kymographs obtained in these experiments. For the kymograph the
fluorescence intensity along the DNA axis of the recorded time series of fluorescent images was plot-
ted over time (one frame = one pixel column). The resulting plots show the positions of fluorescent
images on the DNA as function of time. As can be seen the enzymes show two different DNA inter-
action states. The (DNA-)bound state is characterized by the fact that the enzyme remains bound at
a fixed position on DNA, whereas in the (DNA-)diffusive state the enzyme undergoes a bidirectional
fast motion along the DNA molecule. The kymograph in figure 4.15B shows an enzyme in the bound
state, which switches into the diffusive state. While the first enzyme moves on the DNA, a second
enzyme (in the DNA-bound state) binds to the original position of the first enzyme. Subsequently
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Figure 4.15: Interaction of EcoP15I with DNA in
presence of ATP. (A) Sketch of the DNA construct
with a magnetic bead attached. The small cartoons
on the DNA illustrate DNA bound (grey) and diffu-
sive (moving, orange) Qdot labelled enzymes. (B)-
(E) Kymographs of Qdot labelled EcoP15I on DNA.
The magnetic bead is visible, due to his autofluores-
cence, as 1 µm size line at the top of the kymograph
(marked with a small m). Experimental conditions:
2 mM Qdot labelled EcoP15I, 4 mM ATP, buffer R+;
Setup settings: Exposure time 30 ms, gain 300, laser
power 15 mW, capillary flow cell. Scale bars are 1µm
and 1 s in all images.
the DNA breaks (maybe due to cleavage by the enzyme) and both enzymes disappear simultaneously.
This observation directly suggests that Type III restriction enzymes can diffuse along DNA.
The kymograph in figure 4.15C shows that the enzymes can also switch back from the diffusive
into the bound-state. The switching back will further be called rebinding. The rebinding does not
necessarily occur at the original starting position of the enzyme, but also at distant locations, most
likely corresponding to the EcoP15I site. In general, the frequently observed rebinding events are a
new detail, which was not taken into account in any long-range communication model for Type III
restriction enzymes so far (see section 1.3).
One of the key observations from magnetic tweezers based DNA cleavage experiments with Type
III restriction enzymes is that the capping of DNA ends stimulates cleavage. From this it was con-
cluded that the enzyme complexes can not bypass roadblocks on the DNA (e.g. magnetic bead or
other enzymes attached to DNA). The kymographs in figure 4.15 D,E provide direct evidence for the
roadblock hypothesis. The kymograph (D) shows, in addition to several switches between the DNA-
bound and diffusive states, the reflection of an enzyme on the magnetic bead, which is visible, due to
its autofluorescence at the top of the kymograph. Further, the kymograph (E) shows that individual
enzymes cannot bypass each other. The enzyme in the centre performs a diffusion between two fixed
boundaries set by two DNA bound enzymes. These observations are a direct proof of one of the cen-
tral assumptions of the 1D diffusion model, which was also included in the Monte Carlo simulations
of the DNA cleavage (see chapter 3).
The used SFS2 DNA construct contains 17 and 13 target sites in either orientation (see figure 4.3 and
table A.2). The mean distance between the target sites is about 700 bp (230 nm). The number and the
distance of the target sites make it very difficult to colocalize the position of enzymes in the DNA-
bound state with target site positions along the DNA. To overcome this problem the DNA construct
SFS4 was used for the subsequent experiments that carries only two 6 kbp (2 µm) separated target
sites in Head-to-Head orientation.
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Direct observation of the enzyme-DNA interaction cycle, from the initial DNA
binding to the release from the DNA
For the experiments with this DNA construct were carried out under cleavage conditions as for the
multiple-target site substrate (buffer R+ with 4 mM ATP, 0.x mM Qdot labelled EcoP15I). Figure
4.16A shows the kymograph obtained in a single experiment. The measurement was started 128 s be-
fore the kymograph started by flushing in Qdot labelled EcoP15I enzymes (1 nM) in the capillary flow
cell. The total duration of the experiment was 989 seconds (16.5 min) and shows the interaction of
several EcoP15I enzymes with the DNA. Characteristic classes of interaction events are indicated by
the roman numbers (i) to (v). Figure 4.16B shows enlarged views of characteristic interaction events
of each class. The corresponding positions of the enlarged views within the experiment are indicated
with red labels in the kymograph in figure 4.16A. The initial enzyme binding (i) out of solution oc-
curs abruptly and specifically at one of the target sites. In total five binding events are observed in the
particular kymograph. After binding the enzyme always remain for a while at the target site No direct
start of diffusion after binding was ever observed. From the DNA-bound state the enzymes switch
into a diffusive state in which they explore the DNA (not separately highlighted). The lifetimes of the
bound and the diffusive states are investigated more detail in section 4.5. The diffusion of enzymes
ends either by a complete dissociation of the enzyme from the DNA (figure 4.16B, (ii)) or by the
rebinding to a target site (figure 4.16B, (iii) to (v)). In addition the dissociation from the DNA can
also occur while it is bound to its site (see figure 4.16A lines 2 and 5 or B (v)). It is assumed that the
enzymes maintain their orientation on DNA during diffusion, which is given by the orientation of the
target site to which they bind for the first time. Otherwise the target site orientation would not matter
for DNA cleavage and also the target site selection (chapter 3) would be rather arbitrary and not well
defined. Figure 4.16B (iii) shows a “Head-to-Head”-collision between two enzymes. This type of
collision is proposed to be the trigger for DNA cleavage [15, 16].
While rebinding to the initial start site seems to be preferred (figure 4.16A first four rows) it can also
happen at the at the oppositely target site orientation (figure 4.16B (iv)). The enzyme binds out of
solution (first binding event in line 3 of figure 4.16A) to the upper target site (start site) and rebinds
after diffusion along the DNA to the bottom target site (opposite target site). In particular the zoom-in
shows that the enzyme crosses the opposite target site several times before it rebinds. During the
diffusion of the first enzyme a second enzyme binds at the start site of the first one and the collision
between the two enzymes is observed. Since both enzymes have the same start site (upper target site),
the tail of the diffusive enzyme collides with the head of the bound enzyme. This type of collision
is called “Tail-to-Head”. The reverse collision of the two enzymes (“Head-to-Tail”) is observed in
event (v) in figure 4.16B. The head of the diffusive enzyme bumps into the tail of the target site bound
enzyme. Furthermore the events (iv) and (v) (figure 4.16B) show that the enzymes can not bypass
each other.
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Figure 4.16: Interaction of EcoP15I with DNA using a DNA construct with two target sites in Head-to-Head
orientation in the presence of ATP. (A) Kymograph of a single experiment. The sketches on the left show the
positions of DNA and magnetic bead as well as the positions and orientations of the EcoP15I sites (indicated
as triangles). The roman numbers (i)-(v) indicate characteristics classes of interactions. (i) Enzyme Binding;
(ii) Dissociation of an enzyme from the DNA. The enzymes can dissociate during diffusion (line 2) or when
bound to its site (lines 2 and 5); (iii) “Head-to-Head”collision between two enzymes; (iv) “Tail-to-Head”collision
and rebinding at the opposite target site; (v) “Head-to-Tail”collision between two enzymes. (a) Adjustments of
depths of the evanescent field, (b) Background signal from an enzyme that is stuck to the substrate surface,
(L) Change of the laser power. (B) Enlarged views on characteristic events. The corresponding positions are
labelled in red in (A). Experimental conditions: SFS4 DNA construct, 1 nM Qdot labelled enzymes, 4 mM ATP,
buffer R+. Setup settings: exposure time 50 ms, gain 400, laser power 2-3 mW, capillary flow cell.
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4.4.2. 1D diffusion coefficient
While the bidirectional motion observed for EcoP15I on DNA suggests a diffusive process, a mean
square displacement analysis was carried out in order to obtain direct evidence for diffusion. For this
experiments carried out with the DNA construct SFS4 are used. A schematic representation of the
workflow of the analysis protocol is shown in figure 4.17.
The protocol is divided into three parts with 11 steps. The analysis starts with part one, the processing
of the raw data from the magnetic tweezers and TIRF-microscope. In step 1, the DNA attachment
determined during the measurement protocol (see figure 4.14, step 9) [99] is used to determine the
DNA position and observed DNA length (lObs.) (distance between the DNA attachment points at the
magnetic bead and the surface). (step 2) Assuming a linear relation between the observed DNA
length and the fully extended DNA length (lS FS 4 = 8.36 µm = 25414 bp) the “DNA length correction
factor” is calculated by acor = lS FS 4/lObs.. In step 3, the theoretical positions of the enzyme target
sites in the recorded fluorescent images is calculated. Starting from the DNA attachment point the
first target site is located at 31.3% and the second target site at 61.6% of the observed DNA lengths.
For the identification of time frames in which enzymes diffuse along the DNA a kymograph from
the recorded fluorescent images along the DNA axis is generated (step 4). The kymographs were
generated using the ImageJ Multiple-Kymograph tool [140]. The generated kymographs are used
to identify time periods with diffusing enzymes on the DNA (step 5). For these time periods, the
enzyme positions in the recorded fluorescent images are tracked with the single molecule particle
tracking software FIESTA [93] (see also section 2.2.4). As a result of the tracking, the trajectories of
the diffusing enzymes with the enzyme positions~ri = (xi, yi) (i = 0,...,N, denote the frame number) are
obtained (step 6). The determined enzyme trajectories are given in the fluorescence image coordinate
system.
Magnetic tweezers 
1. Determination of the DNA position 
2. Calculation of the DNA length correction 
factor (acor) 
3. Determination of the target site position 
 
 
 
 
DNA pathway correction 
7. Transformation of the enzyme positions 
from image coordinates into the DNA 
coordinate system 
8. Calculation of enzymes displacements 
along the DNA contour 
 
 
Raw data processing 
 
Calculation of the MSD 
9. For individual events 
10. For cumulative displacements      
of independent events 
 
Fluorescence images 
4. Kymograph along the DNA axis 
5. Identification of enzymes diffusing on DNA 
6. Determination of enzyme trajectories 
 
 
Determination of the 
enzyme displacements 
11. Linear Fit of the MSD as 
function of time 
MSD analysis 
Figure 4.17: Workflow of the analysis protocol for the determination of the 1D diffusion coefficient. The protocol
is divided into three parts with 11 steps. (Part one) Raw data processing: General processing of the raw data
measured with the magnetic tweezers and the TIRF-microscope. (Part two) Determination of the enzyme
displacements: Transformation of the xy tracking data into the DNA coordinate system (x´ (‖), y´ (⊥) to the DNA
axis), Correction of the tracking data for the DNA extension (acor) and calculation of the enzyme displacements.
(Part three) MSD analysis: Calculation of the MSD of single and cumulative events and analysis of the MSD
as function of time.
78
Direct observation of 1D diffusion of EcoP15I along DNA
In part two of the protocol the determined enzyme trajectories were corrected for observed reduced
extension of the DNA that is smaller than the contour length lS FS 4. For this the enzyme positions
in fluorescence image coordinate system are unitary transformed into the DNA coordinate system
~ri´= (xi´, yi´), with xi´ denoting the position axis and the position along the DNA (‖), yi´ perpendicular
to the DNA axis (⊥) (step 7). In addition, the displacements along the x´-axis are scaled by the “DNA
length correction factor” acor, that compensates for the incomplete DNA stretching and the tilt of the
DNA, (step 8) to get the enzyme positions with respect to the DNA contour. The DNA coordinate
correction was done using a self written LabView routine (software code is available upon request).
(Part three) From the corrected trajectories of the enzyme diffusion events along the DNA the mean
square displacement (MSD) as function of time is calculated. Due to the imaging of discrete frames
the time t is given as multiples n ∈ N of the acquisition time interval such that t = n∆t. The MSD can
be estimated by several different ways [166]. Here the MSD is calculated for non-overlapping time
intervals in the following manner [95, 167]:
MSD(n) =
1
bN/nc
bN/nc−1∑
i=1
(xn(i+1)´ − xni´︸         ︷︷         ︸
= dni,n(i+1)
)2, n = 1, ...,N − 1 (4.8)
where dni,n(i+1) is the enzyme displacement along the DNA over n acquisition time intervals and bN/nc
the integer value of N/n at a given n. The MSD can either be directly calculated for the trajectory of
a single diffusion event or from the cumulated displacements of several independent diffusion events
(see below). Since the measured displacements of an enzyme undergoing 1 dimensional diffusion are
Gaussian distributed for a fixed time interval t = n∆t [168], the error of the MSD is given by:
δMSD(n) =
√
2
bN/nc ·MSD(n) . (4.9)
In the absence of uncertainties introduced by the image acquisition the MDS is related to the diffusion
coefficient D according to calculated by:
MSD(n) = 2D · n∆t . (4.10)
Taken into account the uncertainty for tracking the enzyme position [94, 169] and the dynamic error
due to the finite camera acquisition time (∆t = 50 ms) [169, 170], the MSD can be expressed in the
following way [95]:
MSD(n∆t) = 2D · n∆t + (2σ2 − 2/3D∆t)︸              ︷︷              ︸
o f f set
, (4.11)
where σ is the standard error of the tracked enzyme position in an image. Tracking uncertainties
introduce a positive offset of 2σ2 to the MSD curve. Thus, uncertainties from the imaging enter
as a constant offset into the MSD. They can be approximated for the presented measurement by σ =
s/
√
Np ≈ 16 nm [94], where s is the standard deviation of the PSF of the fluorescent probe (≈ 250 nm)
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Figure 4.18: 1D diffusion coefficient from single diffusion trajectories. (A) Example MSD plots of single diffusion
events. The diffusion coefficient is determined by fitting MSD data with equation 4.11 (—). The light red area
represents the 95% confidence level of the fit. (B) Variability of the diffusion coefficient from single diffusion
events. (—) is the weighted mean of the distribution (D=0.91±0.12 µm2/s). The labels indicate the number of
displacements corresponding to the first MSD point t= 50 ms. The data were taken during three independent
measurements, as indicated by the symbol shape (◦,  ,  ).
and Np is the number of detected photons (≈ 1500 Photons/∆t). The observed displacements of the
enzymes are large in comparison to the tracking uncertainty, the positive offset (≈ 0.0005 µm2) due
to the tracking uncertainty is typically negligible. Due to this, the offset of the MSD curves should be
dominated by the negative offset from the dynamic error (2/3 D∆t), which results from the averaging
over the movement of the enzyme during the acquisition of a frame.
Figure 4.18A shows experimentally determined MSD plots from individual enzyme diffusion events
for Qdot labelled EcoP15I. The data were taken under cleavage reaction conditions in presence of 4
mM of ATP.
Determining the 1D diffusion constant from single diffusion events
Figure 4.18A shows four example MSD as function of time plots. The diffusion coefficient is de-
termined from the individual MSD plots by fitting the first six data points (based on the estimations
presented in ref. 95), with equation 4.11 using the error bars as weights (—). The graphs show that
the diffusion coefficient is in the order of 1 µm2/s (MSD value at 0.5 s). The fits typically cross the
y-axis with a slightly negative offset in the range of the origin. This shows that the offset is dominated
by the dynamic error. In total N = 13 single diffusion events from four DNA molecules and three
independent measurements were analysed.
Figure 4.18B shows the variability of the obtained diffusion coefficients for single diffusion events.
They vary by about 50% around the mean value of 0.91±0.12 µm2/s. The individual diffusion coeffi-
cients are symmetrically distributed around the mean values with a skewness of ≈ 0.7. Furthermore
the kurtosis of the distributed was investigated. The kurtosis is a measure of whether the data are
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peaked or flat relative to a normal distribution. The kurtosis of the distribution is ≈ 0.6, which indi-
cates that the diffusion coefficients from single diffusion events are approximately normal distributed
around the mean. The rather large spread of the diffusion constants may be a property of the enzyme.
More probable however is that it is caused by size variations of the attached Qdot
Determining the 1D diffusion constant from the ensemble-averaged MSD
The more common way to determine the diffusion constant of enzymes on linear tracks is to analyse
the ensemble-averaged MSD cumulated from several single diffusion trajectories. For this the dis-
placement data (dni,n(i+1)) of all single trajectories analysed in the previous section are cumulated for
each discrete time and the MSD is calculated.
Figure 4.19 shows the obtained ensemble-averaged MSD as function of time. The data were fitted
with equation 4.11 using the error bars as weights providing a diffusion coefficient D = 0.94±0.03
µm2/s. This shows that the diffusion constant determined from the ensemble-averaged MSD is within
error equal to the diffusion constant determined from the single trajectories.
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Figure 4.19: Average 1D diffusion coefficient of
EcoP15I. Ensemble-averaged MSD as function of
time (◦). The number of displacements entering each
MSD point is given next to it. A diffusion coefficient
D = 0.94 ± 0.03 µm2/s was determined by fitting the
first ten data points (until 0.5 seconds) with equation
4.11 using the error bars as weights. The light red
area represents the 95% confidence level of the fit.
The path of diffusing enzymes along DNA
During diffusion along DNA, enzymes can either follow the linear contour of the DNA (using the
DNA as a race track) or they can follow itse helical pitch (see figure 4.20).
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Figure 4.20: Scheme of the different paths for diffusion along
DNA axis. The sketch shows a Qdot (big green dot) labelled
enzyme (orange) on DNA. (A) Linear path along the DNA. (B)
coupled linear and rotational diffusion following the helical pitch.
R is the radius of the Qdot, ROC the radius of the helical path.
Image is adapted from ref. 122.
Since the diffusion coefficient of EcoP15I is rather high it may be unlikely that the enzyme follows
the helical pitch and rotates around the DNA because this imposes hydrodynamic drag. In order to
test this hypothesis, the theoretical limit of the linear (Dlin) and rotational diffusion coefficient (Drot)
of Qdot labelled EcoP15I were estimated. The linear (1D) diffusion coefficient of the Qdot enzyme
complex on DNA cannot be faster than the 3D diffusion coefficient of a free Qdot in solution.
Therefore the 3D diffusion coefficient of a free Qdot and of streptavidin were measured by FCS (see
section 4.2.2). Figure 4.21 shows the autocorrelation curve of Qdot and SA measured in reaction
buffer R+ at 25.6 ◦C. The data were fitted with formula 4.2 to obtain the diffusion time through the
focus. Mean diffusion times τQdot = 7.5 · 10−4 ± 1.05 · 10−4 s and τS A = 9.1 · 10−5 ± 1.30 · 10−6 s were
determined for the Qdot and SA from 10 measurements (each run takes 10 s) for each label.
Using the relation between the lateral focus radius w0 and the diffusion times (τ):
w20 = 4Dτ . (4.12)
the 3D diffusion coefficient is calculated. For this the lateral focus radius w0 was determined by mea-
suring the diffusion times of three calibration samples (Alexa 488 NHS [171], ATTO488 COOH [172]
and Oregon green 488 [173]) with known diffusion coefficient at the described measurement condi-
tions. Table 4.1 shows the results of the calibration.
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Figure 4.21: FCS curves of freely diffusing Qdots and strepta-
vidin. The graph shows the autocorrelation signal of free (—)
Qdots and (—) SA as function of the lag time. The data were
fitted (—) with formula 4.2 with i = j and F = 0.
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Table 4.1: Determination of the lateral focus radius (w0). The mean diffusion times (from 10 measurements,
each run 10 times 10 s) were determined by fitting the autocorrelation curve with following equation considering
only a single component simplification of formula 4.2, (i = j and F = 0).
Dye D at 25.6 ◦C (µm2/s) δD (µm2/s) τ (s) δτ (s) w0 (µm) δw0 (µm)
Alexa 488 NHS [171] 420.5 20 2.144E-05 3.6E-07 0.190 0.006
ATTO488 COOH [172] 406.3 15 2.151E-05 2.7E-07 0.187 0.005
Oregon green 488 [173] 417.5 12 2.040E-05 2.3E-07 0.185 0.004
Mean error
0.186 0.005
From the calibrated lateral focus radius diffusion coefficients of 11.5 ± 2.1 µm2/s (DlinS A = 95.9 ± 6.2
µm2/s are obtained for Qdot and SA, respectively. Thus, a diffusion coefficient of is the upperlimit
for linear diffusion of Qdot labelled EcoP15I. The observed coefficient for EcoP15I is one order of
magnitude lower than this, which is in agreement with observations made for DNA sliding clamps
[122]. DNA sliding clamp proteins form closed rings around the DNA and therefore are topologically
forced to remain bound (see e.g. the crystal structure of β clamp/DNA complex (PDB ID: 3bep)
[174]).
To approximate the upper limit for the rational diffusion coefficient, the additional hydrodynamic
drag is considered, which occurs if an enzyme is forced to rotate during its movement along the DNA
helix. In 1979 Schurr already discussed the additional rotational in a short report [175]. He found for
the total hydrodynamic drag coefficient the following expression:
γ = 6piηR(1 + (4/3)(2piR/b)2) (4.13)
where b is the helical pitch of 3.5 nm for dsDNA. In equation 4.13 the first term the simple Stokes
drag for linear motion
γlinstock = 6piηR (4.14)
where η is the viscosity of the buffer solution and R is the radius of the enzyme (assuming of spherical
enzyme). The second term in equation 4.13 considers the rotational drag of the enzyme around
its axis (see figure 4.20B). This model was recently further developed by including a term for the
revolution of the enzyme around the DNA [122, 176], allowing one to calculate hydrodynamic drag
for a rotationally a symmetrically bound enzyme as well as for a particle attached to the enzyme. The
final expression for the hydrodynamic friction is given by [176]:
γrot = 6piηR +
(
2pi
b
)2 (
8piηR3 + 6piηR(ROC)2
)
(4.15)
where R is the Qdot radius and ROC the radius of the helical path (see figure 4.20). Using the Stokes-
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Einstein relation,
D =
kbT
γ
(4.16)
Thus, the upper limit of the rotational diffusion coefficient is estimated for Qdots (Qdots 625 nm,
Invitrogen) to be DrotQdot ≈ 0.003 µm2/s and for SA DrotS A ≈ 3.145 µm2/s). For this, the hydrodynamic
radiis of Qdots and SA were estimated from the measured 3D diffusion coefficients as rHy Qdot ≈ 21.2
nm and rHy S A ≈ 2.5 nm, using equation 4.14), and a viscosity of water at 25◦C of η = 0.89 mPa s.
Furthermore it is assumed that R ≈ ROC.
The upper limit for the diffusion along the DNA helix (DrotQdot) is four orders of magnitude lower than
for linear diffusion (DlinQdot) and about 300 times lower than the measured diffusion coefficient of Qdot
labelled EcoP15I. This confirms the hypothesis that EcoP15I uses the DNA contour as a kind of a
race track to perform a linear diffusion.
Conclusions and discussions for the diffusion of EcoP15I
The presented measurements (see figure 4.16) provide strong evidence through direct visualization
for steps (i) to (iii) of the diffusion-collision-model for Type III restriction enzymes (see figure 1.8,
[12, 15, 16]). In particular the communication mechanism between the distant target sites is resolved.
It is shown that the enzymes use 1D diffusion along the DNA contour to overcome the distance be-
tween the target sites. The cooperative DNA cleavage (steps (iv) and (v) of the 1D diffusion model
for Type III restriction enzymes) has so far not been observed in the single molecule experiments.
A reason for this, is probably the use of very low enzyme concentrations (100 pM to 2 nM) in the
experiments. On the one hand the use of very low enzyme concentrations was necessary to prevent
excessive non-specific binding of labelled enzymes to the substrate surface. On the other hand very
rarely more than one enzyme was simultaneously observed on the DNA.
The diffusion coefficient of EcoP15I (D = 8.1 ± 0.2Mbp2/s) is in comparison to other enzymes that
diffuse along the DNA one of the highest measured so far (see table 3.1 in ref. 1). Considering the
diffusion as a 1D random walk, the diffusion coefficient is related to the step size (δ) and the average
time per step (τ) by D = δ2/2τ [177, 178]. For a step size of 1 bp (corresponding to the typical step
size of superfamily II helicases, e.g. the Type I restriction enzyme EcoR124I [53] and the hepatitis C
virus NS3 helicase [54]) τ = 61 ns, implying that EcoP15I would take 1.6 · 107 random walk diffusive
per second. This is more than 32,000-times faster than the Type I restriction enzyme EcoR124I makes
directional steps along the DNA [52] (see figure 2.4.2). Furthermore, the observation of a high diffu-
sion coefficient directly supports the results of Monte Carlo simulations for diffusion-collision-model
of Type III restriction enzymes as presented in chapter 3. There it was found that the cleavage site
selection as a function of the enzyme concentration (mixed substrates experiments, see figure 3.5)
could only describe the bulk solution cleavage assays data, assuming a high diffusion coefficient in
comparison to the enzyme binding rate [16].
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The estimation of the upper limit for diffusion along the helical pitch of the DNA suggested that the
enzyme diffuses linearly along the DNA. For this the hydrodynamic radius of the used Qdots was
calculated from the 3D diffusion constant measured in the reaction buffer R+. The radius found is
with 21.2 nm a factor of 2 higher than given by the manufacture (7.5-10 nm) [141] and 1.5-fold higher
than reported in ref. 179 (10-15 nm, measured in PBS). However, using the minimal reported Qdot
radius of 7.5 nm (still provides to an upper limit of DrotQdot ≈ 0.076 µm2/s) for helical pitch diffusion,
which is by an order of magnitude lower than the measured diffusion coefficient.
The presented data do not only allow to verify the important prediction of the previously suggested
diffusion-collision-model, they also exhibit so far unknown characteristics of the DNA-enzyme inter-
action. The data show for example that EcoP15I, binds under cleavage reaction condition, specifically
to the DNA target site. For this, however, no target site searching along the DNA is observed. An-
other key observation is that EcoP15I switches between a target site bound and a diffusive state. In
this context especially the rebinding to the target site is interesting, because the enzymes does not
follow the helical pitch during diffusion. However only rotational diffusion along the helical pitch
does allow an efficient scanning of nucleic acid sequence.
4.5. Monitoring the bound and diffusion state lifetimes
One of the main advantages of the presented single molecules experiment with EcoP15I is that so far
only indirectly accessible (using bulk solution assays) characteristics of the enzyme-DNA interaction
can be studied in detail. For this, the single molecule data for cleavage conditions were further
analysed. The kymograph in figure 4.22 (see also figure 4.16) shows the full interaction cycle of
a single EcoP15I enzyme with DNA. At around 10 seconds the binding of a single enzyme out of
solution can be observed, while after around 230 seconds this enzyme dissociates again. During
the interaction time the enzyme switches several times between a target site bound and a diffusive
state. The diffusive state ends either by a rebinding event to one of the target sites on DNA or by
a dissociation from the DNA. Furthermore, it is observed that the enzyme can cross the target sites
without rebinding.
The interaction time of the enzyme on DNA is illustrated by the bar below the kymograph in figure
.png .pdf .jpg .mps .jpeg .jbig2 .jb2 .PNG .PDF .JPG .JPEG .JBIG2 .JB2
Figure 4.22: Kymograph of the full interaction cycle of a single EcoP15I enzyme on DNA. (left) Snap shot
image taken at 60 s. The magnetic bead (upper ≈ 1 µm sized spot) and a single enzyme attached to the
bottom target site can be observed. (middle) Small sketch of the DNA and the target site positions. (right)
Kymograph of a single EcoP15I enzyme on DNA. The red lines mark the target site positions. Additionally the
enzyme, lifetime on DNA, in the bound- (grey) and diffusive state (orange), is illustrated by the bar below the
kymograph. Experimental conditions: SFS4 DNA construct, 500 pM Qdot labelled enzymes, 4 mM ATP, buffer
R+. Setup settings: exposure time 50 ms, gain 300, laser power 2 mW, capillary flow cell.
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Figure 4.23: Full lifetime of single enzymes on DNA. Cumula-
tive histogram of the interaction time of single EcoP15I enzymes
with DNA (◦). Counts were normalized by the total number N
of molecules investigated with N = 24. Error bars are calcu-
lated from the standard deviation of the binominal distribution√
p(p − 1)/N, where p is the fraction of dissociated enzymes.
(Inset) Histograms of the interaction times. The data were fitted
by a single exponential function (—). Experimental conditions:
SFS4 DNA construct, 100 pM to 5 nM Qdot labelled enzymes, 4
mM ATP, buffer R+.
4.22. The time periods in which the enzyme was in the target site bound state are coloured grey and
the time periods in which the enzyme diffuses along the DNA are coloured orange.
From 24 individual enzyme trajectories, taken in 15 independent measurements, the mean lifetime
on DNA, the mean of the target site binding time in the target site bound and the mean lifetime
of the diffusive state are determined. These lifetimes are approximately exponentially distributed
(see figures 4.23 and 4.24). Mean lifetimes are obtained by fitting the cumulative histograms of the
lifetimes with a single exponential function. The mean full lifetime on DNA (t¯DNA) is 197±6 s.
The lifetimes in the target site bound and the diffusive state were determined from the kymographs
by visual inspection. For all of the molecules tested (N = 24) it was found that the enzyme initially
always binds to the target site rather than directly initiating diffusion. Figure 4.24 shows the lifetime
distribution of EcoP15I in the target site bound state (A) and in the diffusive state (B). Mean lifetimes
of t¯bound =17.0 ± 0.5 s for the target site bound state and t¯slide = 8.1 ± 0.2 s for the diffusive state are
obtained.
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Figure 4.24: Lifetime of the enzyme in the target site bound and the diffusive state. (A) Cumulative histogram
of the lifetimes of EcoP15I enzymes in the target site bound state (◦). (Inset) Histograms of the lifetimes in
the target site bound times. (B) Cumulative histogram of the lifetime of EcoP15I enzymes in the diffusive state
(◦) (Inset) Histograms of the lifetimes of the diffusive state. The integrated histograms were normalized by the
total number N of states investigated with N = 92 for (A), N = 90 for (B). Error bars , fitting and experimental
conditions are as in figure 4.23.
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Monitoring the bound and diffusion state lifetimes
The direction of the initiation of diffusion is independent from the target site
orientation
To test if the target site orientation is correlated to the direction, the enzyme moves at the start of
diffusing, the first 200 ms (four frames) of each diffusion event were analysed in the kymograph
representation.
Independent of the target site orientation the diffusion starts equally in both directions (see figure
4.25). In total 90 diffusion events were analysed (45 for each target site orientation). In 85 events the
movement direction within the first 200 ms could be determined.
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25
50
75
100
(%
)
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Figure 4.25: Direction of movement at the start of diffusion as
function of the target site orientation. The statistical error was
calculated as standard error of a binominal distribution normal-
ized by the total number of analysed events (N = 85).
Conclusion for the lifetimes of bound and diffusive states
The occurrence of a frequent switch between bound and diffusive state is a new detail the of long-
range communication mechanism of Type III restriction enzymes and is for the first time observed in
this study.
As already suggested in ref. 12, 15, 16 the switch from the target site bound into the diffusive state
is probably related to the ATP hydrolysis of Type III restriction enzymes (see figure 4.11). In section
4.2.3 it was shown that the ATPase rate, under saturating enzyme concentrations and 5 mM ATP in
buffer R, is ≈ 150 ATP/ DNA·min. These results are in agreement with a previous report for EcoP15I
[12] , in which it was additionally shown that the ATPase activity is independent from the capping of
the DNA end.
In the current diffusion-collision-model for Type III restriction enzymes (see figure 1.8) the switch
from the bound into the diffusive state is assumed to be non-reversible. Furthermore it is reported for
many other enzymes (e.g. Type II restriction enzymes or topoisomerase I & II) that the actual DNA
cleavage mechanism consumes no or only few ATP [29, 180]. Due to this the diffusion-collision-
model for Type III restriction enzymes indirectly assumes that the largest fraction of the ATP con-
sumed per DNA cleavage event is related to the cycle of binding, diffusion and dissociation (steps (i)
and (ii) in figure 1.8).
This would suggest that the ATP hydrolysis by the helicase domains of the restriction enzyme is used
to trigger the 1D diffusion process.
Furthermore, the direction of the enzyme at the start of the diffusion was investigated, no correlation
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Figure 4.26: ATPase activity per DNA release event.
(—) EcoP15I release as function of time under single
turnover conditions. Measured by the in section 4.2.3
presented stopped flow fluorescence anisotropy as-
say. The data were fitted by a single exponential
function (—). ATPase rate per DNA (—) as function
of time measured under the same conditions, using
the ATPase assay presented in section 4.2.3. The
experiment was carried out by Dr. Ju´lia To´th from the
University of Bristol (Research group of Prof. Mark
Szczelkun).
with target site orientation was found. This supports the assumption that ATP hydrolysis is not used
to perform any kind of translational movement or to bias the start direction of diffusion.
4.6. ATP consumption per DNA release event
In the preceding section 4.5 evidences were found, which suggest that the enzymes use ATP hy-
drolysis to switch from the target site bound into the diffusive state. To quantify how much ATP
is consumed upon the initiation of diffusion, additional stopped flow fluorescence experiments were
carried out (see figure 4.7B in section 4.2.3). For this 80 nM of enzyme was incubated for 5 min
with 50 nM 6/50P15I DNA (see table A.1). Subsequently the enzyme DNA mixture (Syringe A) was
mixed with 8 mM nucleotides and 5 µM heparin (Syringe B). The heparin in reaction buffer R+, acts
as a trap for dissociating enzymes. This way a single turnover of enzyme dissociation is obtained,
since dissociated enzymes cannot rebind. Figure 4.26 shows the percentage of DNA bound. At t = 0
the 100% of the DNA are bound by an enzyme (see small sketch in figure 4.26). After adding ATP
and heparin the percentage of DNA bound decays exponentially. The mean time of the dissociation
t¯o f f , end = 7.6 s is obtained by fitting the curve with a single exponential function including an offset.
t¯o f f , end most likely represents the ”sliding off“ of the enzymes from the DNA end (see middle sketch
in figure 4.26). The direct dissociation from the target site bound state can be neglected since the
lifetime of the enzyme on capped DNA, is t¯DNA ≈ 197 s (see section 4.5). Under the same single
turnover conditions the ATP consumption is measured. Figure 4.26 shows that the ATP consumption
has general a similar kinetics as the enzyme dissociation, although it cannot be fitted with a single
exponential and has a non-zero steady state rate. The finite steady state remaining ATPase activity is
due to a residual ATPase activity in the presence of heparin (not shown) as well as a finite amount
of enzyme remaining at the DNA. Correctly, for the steady state confirmation about 30-40 ATP’s are
hydrolyzed at the end of the reaction (see values at). Strikingly this value is considerably more than
ATP. The data shown in this section were kindly supplied by Dr. Ju´lia To´th from the University of
Bristol (Research group of Prof. Mark Szczelkun).
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4.7. Target site rebinding statistics and target site orientation
sensing during diffusion
One key question in connection with the observed target site rebinding is: Are the enzymes able to
recognize or sense the target site asymmetries during diffusion? For this the rebinding as function of
the target site orientation is analysed. In presence of ATP the enzymes switch between a diffusive-
and target site bound-state. The mean lifetime of each enzyme on DNA is in the order of minutes (≈
3.5 min). However the mean lifetime of the diffusive and target site bound states is in the order of
seconds. In average each enzyme undergoes 4.16±3.19 rebinding events before it dissociates from
the DNA (total number of events analysed N = 73).
In addition, the rebinding probability as function of the “history” of the enzyme is analysed. The
enzyme can either rebind at its original start site of diffusion or it can rebind at the opposite site (6
kbp away from the start site). For this it is assumed that the enzyme maintains the orientation of the
initial start site.
In figure 4.27A the probabilities to rebind at the initial start site and at the opposite site are shown.
The graph shows that the enzyme rebinds with ≈ 92% probability at the initial start target site. All
experiments were carried out under cleavage reactions condition (4 mM ATP in buffer R+) using the
SFS4 DNA construct and 100 pM to 5 nM Qdot labelled EcoP15I.
From the high rebinding probability to the original start site one can however not infer an ability of
the enzyme to sense the target site orientation on DNA. Even for an equal probability to bind both
target site orientations the enzyme would with high probability rebind to its start site due to proximity
reasons. To investigate whether the enzyme can sense the target site orientation during diffusion, the
total number of visits or crossings (also while diffusing) of a particular site was counted (initial start
site N = 171, opposite target site N = 30). Then the numbers of rebinding events at the initial start site
(N = 67) and the opposite site (N = 6) were normalized by the corresponding numbers of site visits or
crossings. The counting was done in the kymograph representation, where only clear visits/crossings
were considered in the statistics (see red lines in figure 4.23).
In figure 4.27B the rebinding probability per target site visit as function of the initial target site orien-
tation is shown. The rebinding probability is then given by the reciprocal of the mean number of site
visits per rebinding event (initial start site 2.4±0.8, opposite site 5.8±3.2 visits per rebinding).
It is found that the rebinding probability at the initial start site (≈ 41%) is more than twice as high as
for the opposite site (≈ 17%).
The investigation of the rebinding probability per target site visit shows a 2.5-fold difference between
the initial start site and the inversely oriented distant site (opposite site). This implies that the enzyme
can indeed sense the relative orientation of distant target sites on DNA by diffusion.
Further the presented analysis shows that the high probability to rebind at the initial target site is to a
large extend the result of a large distance between the target sites (6 kbp).
The observation that the enzyme crosses the target site several times before it rebinds is in agreement
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Figure 4.27: Target site dependent rebinding probability and target site orientation sensing during diffusion.
(A) Probability for rebinding at the initial start site or at the opposite target site (with inverse orientation). In the
small sketches the left target site is assumed to be the start target site (diffusive enzymes are coloured orange,
bound enzymes are coloured grey). Counts were normalized by the total number N of events with N = 73. (B)
Rebinding probability per target site crossing as function of the initial target site orientation. Total number N =
201 events were investigated. The statistical error was calculated as standard error of a binomial distribution
(see figure 4.24).
with the observation that the enzyme diffuses too fast to allow diffusion along the helical pitch (see
section 4.4.2).
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4.8. The role of nucleotide states during DNA binding and
diffusion
To elucidate the role of different nucleotide states and in more general of the ATP hydrolysis in the
long-range communication mechanism of Type III restriction enzymes, the single molecule assay (see
section 4.4.1) was repeated in the presence of different nucleotides. The experiments were carried out
under standard conditions (see attached measurement protocol A.6) in absence of nucleotides (apo)
or in presence of 4 mM AMP-PNP or ADP+V2+, in buffer R+.
Figure 4.28(top) shows that in the absence of nucleotides the enzyme binds tightly and surprisingly
non-specifically to DNA without any observable long-range diffusion. After sufficient time the DNA
becomes more and more coated with Qdot labelled enzyme. Similar observations were obtained in
the presence of the non-hydrolyzable ATP analogue AMP-PNP or ADP+V2+ that may mimic the
transition state after ATP hydrolysis with bound ADP and Pi (see figure 4.28 middle and bottom).
apo
1 
µm 10 s
AMP-PNP
ADP+V
2+
Figure 4.28: Interaction of EcoP15I with DNA in presence of different nucleotides. (Top) Kymograph along a
single DNA molecule in absence of nucleotides (apo). After adding quantum dot labelled EcoP15I complexes
tight and non-specific binding to the DNA is observed. On the left side snapshots of the DNA molecules
taken at 120 s are shown. (Middle) Kymograph taken in the presence of AMP-PNP and (bottom) ADP+V2+.
Experimental conditions: SFS4 DNA construct, 100 pM Qdot labelled enzymes, buffer R+. Setup settings:
exposure time 50 ms, gain 400, laser power 2 mW, capillary flow cell. The sketches indicate the positions of
the target sites and the magnetic bead.
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Slow diffusion in presence of ADP
Further experiments were carried out in presence of 4 mM ADP. The kymograph in figure 4.29 shows
the binding of five enzymes to the DNA (indicated by green bars under the kymograph). Like in the
absence of nucleotides or in presence of AMP-PNP and ADP+V2+, the enzyme binds non-specifically
to the DNA and no correlation with the target site positions is observed. After binding the enzyme
(almost) immediately starts to diffuse along the DNA. In comparison to the diffusion in the presence
of ATP (see section 4.4) the diffusion with ADP is significantly slower and covers shorter distances.
The kymograph in figure 4.29 shows also several seemingly immobile enzymes. These are however
surface bound enzymes, below the DNA molecule. DNA bound enzymes can be clearly distinguished
from surface bound enzymes in the fluorescence image sequence, since only for DNA bound enzymes
the perpendicular motion (DNA coordinate system) is correlated to the fluctuation of the magnetic
bead. The stickiness of the surface was characteristic for the particular batch of capillary flow cells.
1 
µm 10 s
Figure 4.29: Interaction of EcoP15I in the presence of ADP. Kymograph along a single DNA molecule in the
presence of ADP. The binding of multiple enzymes is observed (indicated by green bars under the kymograph):
All immobile enzymes are non-specifically bound to the surface. On the left side, snapshot of the DNA molecule
taken 5 seconds before the kymograph ends (the enzyme bound to DNA is marked by a red circle). The
sketches illustrate the DNA and the magnetic bead position. The position and orientation of the target sites are
indicated as triangles. Experimental conditions: SFS4 DNA construct, 500 pM Qdot labelled enzymes, 4 mM
ADP in buffer R+. Setup settings: exposure time 50 ms, gain 400, laser power 2 mW, capillary flow cell.
1D diffusion coefficient in presence of ADP
The average 1D diffusion coefficient in presence of ADP was determined using the same procedure
as for the diffusion coefficient in the presence of ATP (see section 4.4.2). For this, the displacement
data (dni,n(i+1)) of N = 6 single trajectories from three independent measurements were cumulated as
for each discrete time. For the cumulated displacements the ensemble-averaged MSD was calculated
using formula 4.8.
Figure 4.30 shows the ensemble-averaged MSD as function of time. The fit crosses the time axis
at 18±1 ms which provides a diffusion coefficient of D = 0.054±0.001 µm2/s. Thus, the diffusion
constant in the presence of ADP is about 20-fold lower than in the presence of ATP (see section 4.4).
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Figure 4.30: Average 1D diffusion coefficient of
EcoP15I in the presence of ADP. Ensemble-
averaged MSD as function of time (◦). The number
of displacements entering each data point is given
by the label. The diffusion coefficient was deter-
mined by fitting the first ten data points (until 0.5 sec-
onds) (—). This provides a diffusion coefficient of
0.054±0.001 µm2/s. The light red area represents
the 95% confidence level of the fit.
Conclusions for the interaction of EcoP15I with DNA in presence of different
nucleotides
The results of this section show that the presence of different nucleotides affects (i) the specificity of
the binding of EcoP15I to DNA and (ii) the diffusion of the enzyme along DNA. In particular in the
absence of nucleotides or presence of AMP-PNP and in ADP+V2+ the enzyme interacts differently
with DNA than in the presence of ATP (cleavage conditions). Immediately after addition, the enzyme
binds non-specifically and remains bound on the DNA without significant diffusion.
In comparison to this, the interaction of EcoP15I with DNA is in presence of ADP somewhere be-
tween the behaviour in apo and with ATP. On the one hand the enzyme binds non-specifically (like
in apo). On the other hand it diffuses along the DNA (like in ATP). However in contrast to the pres-
ence of ATP (see section 4.4) the diffusion is significantly slower (about 20-fold) and covers shorter
distances (1-2 µm per event). Further no correlation between the position of enzyme binding and
diffusion and the enzyme target site is observed.
In particular the observation of non-specific DNA binding is critical with respect to the long-range
communication between the target sites, since it would not allow a meaningful communication pro-
cess.
The results of this section directly show that ATP hydrolysis is not only involved in the release of the
enzyme from the target site (see section 4.6), but it is also required to achieve specific DNA binding,
which is essential for the long-range communication.
The observations in this section are in agreement with the measured DNA binding kinetics in bulk
(see section 4.8 figure 4.2.3). The stopped flow measurements (carried out under saturating enzyme
concentration) showed that the enzyme tightly binds to DNA in apo, AMP-PNP and ADP. In compar-
ison to this, the binding curve in the presence of ATP is much more complex. In presence of ATP the
initial binding is followed by a second process, in which the enzyme releases from DNA again (see
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(—) in figure 4.8).
Taking into account that the enzyme diffuses also in the presence of ADP, the difference in the DNA
binding kinetics cannot be only related to the slip off of the enzyme from the DNA end, since the
ADP binding curve is similar to the one in apo or in AMP-PNP. This implies that in the presence of
ADP the enzyme can instantaneously bind again to the DNA, while in the presence of ATP it cannot.
This indicates that in the presence of ATP the enzyme enters in a different state were it is inhibited
to bind directly again, after it slips off from the DNA end. Probably, this state is the diffusive state
induced by a conformational change due to ATP hydrolysis. Taking further into account that the en-
zyme undergoes a very fast linear diffusion along the DNA, this new conformation maybe a ring- or
at least a clamp-like structure that encircles the DNA. This is seen e.g. for the MutS-MutL complex
in mismatch repair that is predicted to diffuse along DNA [181]. Such a ring could effectively inhibit
a rebinding the DNA.
4.9. ATP as a trigger for 1D diffusion
To further investigate the role of ATP in the long-range communication mechanism of Type III re-
striction enzymes, the effect of ATP addition to pre-bound enzyme complexes on DNA was measured.
For this the enzyme was bound in absence of nucleotides to the DNA, and subsequently the enzyme
solution was replaced by a solution containing ATP only.
Figure 4.31 shows a kymograph of such an experiment. After adding Qdot labelled EcoP15I com-
plexes, the non-specific binding of more and more enzymes is observed. To limit the number of
enzymes bound to the DNA the enzyme solution is replaced by buffer R+, in which the bound en-
zymes stay immobile on the DNA. After replacing the buffer R+ by buffer R+ containing 4 mM ATP
(ATP only solution), the dissociation of most of the non-specifically bound complexes is observed
within 40 s. Further it is observed that previously immobile enzymes start to diffuse along the DNA.
These diffusive enzymes recognize the specific target sites and rebind there. 60 seconds after adding
ATP, only two enzyme complexes are left on the DNA (one at each target site). The third enzyme in
the kymograph in figure 4.31 (lowest of the three dots) is caused by an enzyme (Qdot) that became
stuck on the substrate surface.
94
Summary and conclusion
f1 f3
1 
µm
20 s
apo ATP f2
Figure 4.31: ATP triggers dissociation and diffusion of non-specifically bound enzymes from the DNA. Kymo-
graph along a single DNA molecule showing the pre-binding of Qdot labelled EcoP15I complexes to DNA in
absence of nucleotides followed by ATP addition. After adding Qdot labelled EcoP15I complexes in absence of
nucleotides (f1) the DNA becomes more and more coated with enzymes. Subsequently the enzyme is flushed
out at (f2) were the enzyme solution is replaced by buffer R+. After this the enzymes stay immobile on the
DNA. At (f3) the buffer R+ is replaced by a solution containing buffer R+ and ATP. This drives the release of
non-specifically bound complexes and originates complexes that diffuse along DNA and recognize the specific
target sites. On the left side snapshots of the DNA molecule taken 200 seconds (apo) and 400 seconds (ATP)
are shown. The sketches illustrate the DNA and the magnetic bead. The positions and orientations of the
target sites are indicated as triangles. Experimental conditions: SFS4 DNA construct, 500 pM Qdot labelled
enzymes, buffer R+, 4 mM ATP in buffer R+. Setup settings: exposure time 50 ms, gain 400, laser power 2
mW, capillary flow cell.
Conclusions for the trigger experiments
The measurement shows that non-specifically bound enzymes can be released from DNA by adding
ATP. This leads also to the formation of sliding enzyme complexes that can recognize the specific
target sites. Thus, ATP acts on one hand as a trigger for initiating diffusion, but also as a proof-
reading factor for ensuring specific binding to the target site.
4.10. Summary and conclusion
In order to confirm or disprove the 1D diffusion model for Type III restriction enzymes a single
molecule assay was developed that allows to directly observe the motion of single Type III restriction
enzymes on DNA (see sections 4.4 and A.6). For this single DNA molecules were stretched sidewards
(in almost perpendicular orientation with respect to the optical axis of the objective). The interaction
of fluorescently labelled enzymes with DNA is then imaged with a TIRF-microscope (see also figure
1.9 which shows a schematic sketch of the measurements).
In order to visualize single EcoP15I enzyme complexes on such a laterally stretched DNA, the en-
zymes were labelled with streptavidin-coated Qdot. For this biotinylated EcoP15I was purified (not
part of this thesis).
Using of various methods (e.g. bulk cleavage, stopped flow anisotropy, FCCS measurements) it is
confirmed that the attachment of the Qdots did not significantly affect the DNA cleavage activity, the
DNA binding and the ATPase rate (see section 4.2). This suggested that the labelled enzymes behave
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similar to the wild-type enzymes.
In addition to the development of a protocol for the efficient labelling of enzymes with Qdots (see
section 4.2.2), the surface blocking of the used capillary flow cells was improved. For this the back-
ground from non-specifically attached Qdot-enzyme complexes to the substrate surface was reduced.
The found surface blocking allows to apply to 5 nM of enzyme in the flow cell with only moderate
background (see section 2.3.4).
Beyond the direct visualization of the 1D diffusion of single enzymes along DNA (see figure 4.15),
the role of ATP in the long-range communication mechanism was investigated. One of the central re-
quirements for this was the preparation of long magnetic tweezers DNA constructs with two central 6
kbp spaced EcoP15I sites in a Head-to-Head configuration (see section 4.3). This magnetic tweezers
construct (SFS4) allowed to correlate the enzyme binding with the target site position. The construc-
tion of such long molecules, which are necessary in order to achieve shallow stretching angles, was
challenging due to the short and therefore abundant recognition sequences of Type III restriction en-
zymes (CAGCAG for EcoP15I). Major part for the solution of this problem was on the one hand the
use of a long spacer DNA fragment (48 repeats of a 197 bp sequence lacking an EcoP15I site) to
enhance the DNA length, and on the other hand the development of an improved ligation strategy.
The presented measurements under cleavage reaction conditions directly proved and visualized steps
(i) to (iii) of the diffusion-collision-model for Type III restriction enzymes (see figure 1.3). In particu-
lar the communication mechanism between the distant target sites was resolved. It was found that the
enzymes undergo a fast linear diffusion with a diffusion coefficient D = 0.94±0.03 µm2/s along the
DNA contour to overcome the distance between the target sites. This finding answers a long stand-
ing and controversial debate about the long-range communication mechanism of Type III restriction
enzymes (see introduction 1.3). In particular it breaks with the dogma, which assigned to Type III
restriction enzymes a similar mechanism as carried out by Type I restriction enzymes, which use ATP
hydrolysis to carry out a directional translocation along the DNA.
The enzymes bind out of solution to their a target sites on the DNA. A surprisingly detail of the
long-range communication mechanism of Type III restriction enzymes, were the frequent switches
between target site bound and diffusive state. These observations suggest an interpretation of the role
of ATP hydrolysis by Type III restriction enzymes, which is that the frequent switches between the
two states is responsible for the majority of ATP hydrolysis per DNA cleavage (e.g. EcoPI = 45±7
ATP per cleavage, EcoP15I = 119±18 ATP per cleavage[12]). In order to quantify the ATP con-
sumption per release event, additional stopped flow (see section 4.6) and single molecule experiments
(see sections 4.8 and 4.9) were carried out under single turn over conditions. They provided that the
enzyme consumes around 30-40 ATPs before it releases off from a short DNA oligonucleotide with
only one enzyme target site. This provides direct evidence that ATP hydrolysis is used to trigger
the release from the target site. In the single molecule experiments it was found that in the absence
of nucleotides or in the presence of AMP-PNP or ADP+V, the enzyme binds tightly and surpris-
ingly non-specifically binds to DNA without any observable long-range diffusion. In contrast to this,
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the enzyme behaviour in presence of ADP is somewhere between apo and ATP. The enzyme binds
non-specifically to DNA and immediately starts to slowly diffuse along the DNA. The diffusion is
significantly slower (20-fold) than in ATP and covers shorter distances (see section 4.8). In addition
the experimental sequence of the stopped flow experiment was repeated in the single molecule ex-
periment. ecoP15I was first pre-bound to DNA in absence of nucleotides, and subsequently ATP was
added to the flow cell. It was found that ATP releases non-specifically bound enzymes from the DNA
and initiates 1D diffusion.
The complementary data sets from stopped flow and single molecule experiments suggest that ATP
is on the one hand required for the target site specificity of the enzyme, which is essential for the
long-range communication of the target site orientation. On the other hand, they suggest that the
ATP hydrolysis by the helicase domains of the restriction enzyme is used to trigger the 1D diffusion.
Furthermore, the DNA binding kinetics in the presence of ATP showed that the enzyme is inhibited to
directly bind again to DNA, after it slips off from the DNA. This provides evidence for that is driven
by ATP hydrolysis a conformational change of the enzyme complex and that brings the enzymes into
the diffusive state. While the enzyme cannot bind to DNA, the diffusive state is required to relax
before a new DNA binding cycle can be started.
However it is complicated to conclude from this observation anything about the role of the helicase
domains of the restriction enzyme. In particular the missing of atomic structure of the Res or Mod
subunits makes any detailed mechanistic picture speculative.
Nevertheless it is tempting to speculate. Derived from the role of helicase domains in other enzymes,
there are at least two straightforward theoretical models. (i) The most obvious role of the helicase
domains follows the classical definition of a helicase as molecular motor. In this model the ATP hy-
drolysis is then used to perform a stepwise motion along the DNA. In analogy to RNA polymerase
[182] the stepping motion is only used to pull (or push) the Mod2 subcomplex containing the DNA
recognition site away from the target site (only few base pair steps). Once the Mod2 subcomplex
detached from the DNA the enzyme is allowed to diffuse. Since it was found that the DNA cleavage
kinetics are force independent this model is maybe less likely.
(ii) The second potential role of the helicase domains could be that the ATP hydrolysis drives a switch
and co-ordinates conformational changes in Res and/or Mod, which would allow the diffusion along
the DNA (see as analogy e.g. GTPases [183] and MutS [184]). The observation that the enzyme is
inhibited to rebind to DNA after it falls off from the DNA in the diffusive state supports this model.
On basis of the observations made in this thesis an extended cleavage model for Type III restriction
enzymes is presented (see figure 4.32). The extended cleavage model for Type III restriction enzymes
is similar to the diffusion-collision-model shown in the introduction of this thesis (see figure 1.8). In
particular both models use a motion on DNA based on 1D diffusion to perform the inter-site commu-
nication. The whole DNA cleavage process is then carried out in five steps: (i) The enzymes bind
to one of their asymmetric sites (triangles) in the orientation of the target site with a concentration
dependent rate kbind in presence of ATP (light blue ovals). (ii) The enzymes switch, into the diffusive
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Figure 4.32: Extended cleavage model for Type III restriction enzymes. The long-range communication of Type
III restriction enzymes between two distant target sites, which leads to DNA cleavage is highlighted by a grey
box. The steps (0) to (v) are similar to the steps suggested by the 1D sliding model for Type III restriction
enzymes (for details see main text and figure 1.8, [12, 15, 16]). The small ovals indicate the different enzymes
states: blue ovals denote the empty state, the enzyme non-specifically binds to DNA, no nucleotides or AMP-
PNP or ADP+V2+ are present in solution; light blue ovals denote the target site bound state, binding occurs at
the asymmetric enzyme sites (triangles), ATP is present in the solution; orange oval denote the diffusive state;
green oval denote the slow diffusive state, when ADP is present in solution. For reaction pathways in black
direct evidence is provided (steps (0) to (ii)). Pathway with doted lines are likely, but not shown. Furthermore
three side pathways: (a) and (b) show the non-specific DNA binding pathways, which do not lead to a long-
range communication between the target sites. (c) is the trapping pathway: once an enzyme falls off from DNA
in the diffusive state it is inhibited to bind again to DNA until it relaxes into the empty state.
state (orange oval), triggered by ATP hydrolysis with rate kslide = 0.06 s−1. From the diffusive state
the enzyme is able to rebind to a target site at each target site visit with a probability was found of
pstart site = 0.41 (popposite site = 0.17). Due to this the rebinding rate krebind (here a value of 0.12 s−1
should be dependent on the number of target site and their distances. (iii) 1D diffusion is stopped
upon collision with a second enzyme, which is bound on a second target site. (iv) If the enzymes
are in an inverted orientation to each other, that is Head-to-Head, both enzymes can cooperate in a
process, which probably relies on ATP hydrolysis [11] and (v) trigger DNA cleavage with kcleave.
In addition to the main pathway, which leads to DNA cleavage, the model includes three side path-
ways (a)-(c). The side pathways are not directly related to the DNA cleavage mechanism, but they
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Summary and conclusion
indirectly indicate the role of ATP in the cleavage pathway. Due to this the main advantage of ex-
tended cleavage model for Type III restriction enzymes is on one hand that for steps (0) to (ii) now
direct evidence is provided, while in the original diffusion-collision-model these steps were only in-
directly infer evidences. On the other hand the role of ATP in these two steps is now shown, which is
the specific target site recognition as well as the triggering of the 1D diffusion.
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5. Discussion
The aim of this thesis was the investigation of the long-range communication mechanism by Type III
restriction enzymes. This aim was addressed by two different strategies: (i) Monte Carlo simulations
of the diffusion-collision-model and (ii) the direct observation of the diffusion of single Qdot labelled
EcoP15I enzymes along the DNA.
The Monte Carlo simulations were compared with empirical bulk solution cleavage assay data. It
was found that the simulation only described the empirical data if a very rapid diffusion is assumed.
This prediction could be confirmed by the single molecule measurements. Furthermore the Monte
Carlo simulations supported the head-on collision hypothesis, while in single molecule experiments
so far no clear DNA cleavage event could be observed. However, single molecule experiment directly
proved the assumption that enzymes can not bypass each other or a road block at the end of the DNA.
The single molecule experiments presented in this work proof that 1D diffusion along DNA plays a
central role for the target site communication by Type III restriction enzymes, while they disproof the
long-standing hypothesis that directional translocation plays a central role for that communication.
Beyond the mode of enzyme movement along the DNA the role of nucleotide states and ATP hydrol-
ysis during DNA binding and diffusion were investigated.
The observations made in this thesis provide a starting point for further investigations of the long-
range communication mechanism by Type III restriction enzymes. Several questions can now be
addressed on base of the made observations: (i) At what stages is ATP hydrolysis needed? (ii) What
is the sliding state? (nucleotide state and conformational structure) (iii) In which other nucleotide
states is specific DNA binding achieved? (iv) Why are many ATP molecules consumed per release
event? (v) What is the composition of sliding complexes? (vi) Does a conformational change induce
the diffusion state? (vii) What kind of collisions between different enzymes leads to DNA cleavage?
The finding in this thesis that Type III restriction enzymes are the first DNA-modifying enzymes
which communicate target site orientations over long distances via 1D diffusion, clarifies a long-
standing debate. This finding may also contribute to the understanding of many other enzymes.
“When you finish reading this book, tie a stone to it
and throw it into the middle of the Euphrates.”
Jeremiah 51:63
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A. Protocols
A.1. Preparation protocol of capillary flow cells
The preparation protocol of the capillary flow cells is divided into three parts: (1) Cleaning, etching
and activation of the glass surface; (2) Coating of the glass surface with polystyrene and (3) Assembly
of the flow cell.
Safety
Many of the chemicals used in the protocol are potentially harmful, corrosive or explosive.
Therefore it is recommended that the protocol is only carried out by persons which are experi-
enced in handling the used chemicals. Particular care must be taken to familiarize oneself with
the dangers, how to mitigate them, and how to deal with arising problems. All steps should be
performed under a suitable fume hood.
Materials
Chemicals and Solutions
Please see Appendix C
Capillary
Capillaries (Cat.no. 8250-050, ViroCom)
Silicon-glue, Elastosil E41 (Cat.no.60003726, Wacker Chemie AG)
Microloader pipet tips 0.5-20 µl (Cat.no. 612-3634, Eppendorf )
10 µl pipet tips
Special Equipments
Teflon/porcelain rack for capillaries and metal grabber
Heater plate
Homebuilt spin coater (see figure 2.16 (B))
Tweezers
Ultrasonic bath
Transilluminator 312 nm (Cat.no. UST-20M-8R, BioStep)
Measuring cylinder 100 ml and 200 ml
Glass boxes with lids for 250 ml (before baked for 2h at 200◦C wrapped in aluminium foil)
20 µl glass syringe with metal needle
Thermometer
Glass funnel
Glass beaker
Glass pipettes
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Safety Equipments
Fume hood
Lab coat
Acid resistant gloves
Safety glasses
Method part 1: Cleaning, etching and activation
Please use a fume hood for the procedure and cover the glass boxes! Always dip the slides into the
new solution several times, when changing from one glass box to another to flush away the dirt from
the old solution off the surface layer.
1. Basic cleaning
a) Put cover slips in a teflon holder and place it in a glass box
b) Cover the holder with EtOH 80%, sonicate 3 min and sediment for 3 min at RT
c) Transfer the rack from EtOH to a acetone bath, soak for 30 min at room temperature, then
sonicate for 10 min
d) Transfer the rack from acetone into a ddH2O bath and rinse in water for 1 min
2. Soap cleaning
a) Transfer the rack into 2% Hellmanex and sonicate for 30 min at 50◦C
b) Rinse with ddH2O, until no more foam residues are seen, usually 2 min (prevent air bub-
bles on the glass)
3. Etching the glass surface with ”Piranha solution“ to remove all organic matter
Mix 75 ml H2O2 (30%) with 175 ml H2SO4 (70%) to a total volume of 250 ml
a) Fill 175 ml of H2SO4 (70%) in a glass box and put the box on a heating plate (60◦C)
b) Add 75 ml 30% H2O2 to 175 ml of H2SO4 (70%) in the glass box at 60◦C
Always add the peroxide to the acid, adding the peroxide slowly; note that if the peroxide
concentration is higher than the acid concentration an explosion could occur.
c) Put teflon holder with capillaries in solution
d) Soak for 60 min on heating plate at 60◦C
e) Put teflon holder with cover slips in a prepared glass box with ddH2O for 1 min
f) Rinse with ddH2O for 2 min
4. Activation of the OH groups on the glass surface using KOH
a) Transfer racks from the ddH2O bath to a 0.1-MKOH bath for 15 min at RT
b) Transfer rack sequentially through two ddH2O baths, bathing in each for 1 min
c) Rinse with ddH2O water for 2 min
d) Storage in ddH2O at 4◦C until further use
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Method part 2: Coating of the glass surface with polystyrene
After cleaning and activation (holds for 15 min), the inner walls of the capillaries are coated with
polystyrene. For this a 1% polystyrene solution (35kDa = n≈335 units,glass transition temp 123-
128◦C) is used. The 1% polystyrene solution is requiered to made fresh by dillutiona at 10% polystyrene
stock solution with Toluol in a 1:10 ratio. To create a stock solution 100 mg/ml polystyrene (as
droplets) are solved in tetrahydrofuran (stable for 6 months at 4◦C). The polystyrene solutions should
only be handled using glassware, in particular the solvent tetrahydrofuran dissolves nearly every plas-
tic (including pipet tips).
1. Take the capillaries out of the teflon rack and, blow off residual water carefully with N2
2. Mount two capillaries in the homebuilt spin coater and fill them with the 1% polystyrene solu-
tions (prevent air bubbles in the capillaries)
3. Spin the capillaries for 30 s by setting the of the rotary grave tool to 3000 rotations per minute
and use the main plug to start and stop the grave tool. Before turning the grave tool on cover
the entire spin coater with a stable box.
4. UV cure the polystyrene layer for 5 min on a transilluminator (full power)
Method part 3: Assembly of the flow cell
To assembly the flow cell the ends of the each capillary are connected to microloader pipet tips, which
are inserted into the capillary. The connection point between the capillary and the pipet tip is sealed
with a flexible silicon-glue. The inlets of the microloader pipet tips are locked with silicon-glue sealed
10 µl pipet tips. After curing of the of the silicon-glue the capillary flow cell should rest 2 days at 4◦C
before it is used. The capillary flow cells are then stable for around 4 weeks.
Waste disposing
Acetone, Ethanol: non-halogenic waste
Piranha solution: huge plastic cylinder (min 5 l per 100 ml solution), fill 90% with H2O, add solution,
add more H2O (can spill over), <5% it goes into the sink, wear googles, gloves and coat
KOH: dilute <10 mM (same as piranha) and put into sink
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A.2. PAGE gel preparation
PAGE gels were prepared and run using BioRad mini protein 3 system (BioRad) following standard
procedures [138]. The gels were silver stained according to the instructions in reference [139].
A.3. Oligonucleotide annealing
The dsDNA were hybridized from complementary primers (see C.10). The oligonucleotides were
annealed as follows: 25 µM primer A, 25 µM primer B, 50 mM Tris pH 8, 5 mM MgCl2 and 200
mM NaCl by slowly cooling down from 95◦C to 10◦C, at a rate of 1◦C / 60 s. To separate the free
primer from the dsDNA, the samples were gel separated (3% TAE agarose gel, 2h, 5 V/cm). The
purifications were performed with a DNA purification kit (Machery & Nagel).
Table A.1: DsDNA oligonucleotides for FCCS measurements
Name hybridisted oligonucleotides Application
DNA1 FS1-P15I for-5Biotin, FS1-P15I re-5Cy5 FCCS control sample Cy5 and biotin
labelled
DNA2 FS1-P15I for, FS1-P15I re-5Cy5 FCCS EcoP15I binding sample, Cy5
labelled
DNA3 FS2-for, FS2-re-5Cy5 FCCS no EcoP15I binding sample, Cy5
labelled
6/50
P15I
6/50 P15I for, 6/50 P15I rev Anisotropy assay
A.4. DNA construct
A.4.1. SFS2 - long DNA constructs with multiple EcoP15I
recognition sites
The SFS2 DNA containing multiple target sites for EcoP15I enzymes (see figure 4.12) is prepared in
a one-pot reaction by ligating three fragments through suitable sticky ends. The fragments are listed
in table A.2. The labelled handle (tail) fragments were made by digesting a 1.2 kbp biotin- and a
digoxigenin dUTP-labelled PCR fragment (primer pblueFor, blueRev, see table C.10) approximately
in the middle of the fragments. Subsequently the DNA was purified with a DNA clean-up kit (Mach-
ery & Nagel). The main part of the construct is based on a fragment of the Supercos1+lambda 12
which was digested (and heat inactivated only). All fragments were mixed together and ligated with
T4 DNA ligase at 16◦C over night in a 10% PEG (35 kDa) containing reaction buffer. The resulting
mix of ligation products was gel separated (0.6% TAE agarose gel (USB Agarose, Affymetrix), 16h
at 1.5 V/cm). Then the desired construct of 20.5 kbp in length was carefully purified from the gel
(Quantum Prep., freeze & squeeze kit, Bio-Rad) avoiding any exposure to ethidium bromide and UV
light.
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Table A.2: DNA fragments of the SFS2 DNA construct. The position of EcoP15I target sites are given for the
final construct without tails. (r) indicates a reverse orientation of the target site. The construct contains 17 target
sites in head (for) and 13 in tail (reverse) orientation. For plasmids and primer details see table C.11 and C.10.
Fragment DNA source Digest
with
length
(bp)
Target site position (bp) in the central
part (without handles)
Bio-tail pbluescript II +sk
PCR (from 134
bp to 1333 bp )
SacII ≈ 600
Main
part
Supercos1
+lambda 12
SacII,
BamHI
19387 644(r), 851, 1058(r), 1957, 2054,
4049, 4930 (r), 5877(r), 6022(r),
7064(r), 7150(r), 7189, 7484, 8586,
8683, 8755, 12125, 13371(r), 13991,
14225, 14736(r) , 14736(r), 14805,
15122(r), 15838(r), 15841(r), 16470,
16586(r), 16679, 18203, 18627
DIG-tail pbluescript II +sk
PCR (from 134
bp to 1333 bp )
BamHI ≈ 600
A.4.2. SFS4 - long DNA constructs with Head-to-Head EcoP15I
recognition sites
Preparation protocol of the SFS4 DNA constructed containing two EcoP15I target sites in head-to-
head (see figure 4.12). The concept of the protocol is described in the main text, see section 4.3. The
fragments of the construct are listed in table A.3. The protocol was made in cooperation with Sylvia
Clausing (DNA Motors group, Ralf Seidel).
Table A.3: DNA fragments of the SFS4 DNA construct. The position of EcoP15I target sites are given for the
final construct without tails. (r) indicates a reverse orientation of the target site. The construct contains two
target sites in a Head-to-Head orientation. For plasmids and primer details see table C.11 and C.10
Fragment DNA source Digested
with
length
(bp)
Target site position
(bp) in the central
part (without han-
dles)
(i) DIG-tail pbluescript II +sk PCR (from
134 bp to 1333 bp )
EcoRI ≈ 600
(iii) Spacer pUC18-48x601-197 EcoRI,
HindIII
9701
(iv) DIG-
Main-part
pDMS60b, PCR (from 3022
bp to 1742 bp)
Hind III,
Nt.BvCI
3095 9742
(v) Bio-Main-
part
pDMS60b, PCR (from 3200
bp to 1742 bp)
Hind III,
Nb.BvCI
2917 15672 (r)
(ii) Bio-tail pbluescript II +sk PCR (from
134 bp to 1333 bp )
EcoRI ≈ 600
107
Protocols
Preparation protocol
Materials
Buffers and Solutions
Please see Appendix C for components of stock solutions, buffers and reagents.
Enzymes and Buffers
Restriction endonucleases: EcoRI-HF, HindIII, NtBvCI, NbBvCI (enzymes were purchased from
NEB unless stated otherwise)
Thermostable DNA polymerase: Taq Polymerase (Promega), Phusion polymerase (Finnzymes, New
England Biolabs)
T4 ligase (New England Biolabs)
Gels
Agarose gel: USB agarose separation ≥ 500 bp (Affymetrix)
Oligonucleotides and Vectors
Oligonucleotides (see C.10): pblueFor, pblueRev, SFS4Rev, SFS4BioFor-Nt.BbvCI, SFS4digFor-
Nb.BbvCI Vectors (see C.11): pbluescript+SK, pDMS60b, pUC18-48x601-197
Special Equipments
DNA purification kit: NucleoSpin Extract II (Machery & Nagel)
Quantum Prep., freeze & squeeze kit, (Bio-Rad)
Thermomixer comfort (Eppendorf)
Thermal cycler (Mastercycler 5333, Eppendorf)
Gel electrophoresis chamber (HU10 5242, Biosteps)
Speedvac centrifuge (Concentrator 5301, Eppendorf)
Coldroom
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Method
1. Preparation of the (i) DIG- and (ii) Bio-tail fragment. The labelled tail fragments were made
by digesting a 1.2 kbp digoxigenin- or biotin- dUTP-labelled PCR fragment (see table A.4)
approximately in the middle of the fragments with EcoRI. PCR were performed using a thermal
cycler (Mastercycler 5333, Eppendorf) following the protocols described by the manufacturer
of the polymerase.
a) The PCR-Mastermix was prepared in the following order:
Table A.4: Tail-PCR master mix
Number
of master mixes 1 12 20
Reagent
Template: pbluescript (400 ng/µl) 0.3 µl 3.6 µl 6 µl
Primer1: pblueFor 0.25 µl 3 µl 5 µl
Primer2: pblueRev 0.25 µl 3 µl 5 µl
Go Taq Flex Buffer 5x 10 µl 120 µl 200 µl
MgCl2 4µl 48 µl 80 µl
dNTPs (non-labelled) 1 µl 12 µl 20 µl
Taq Polymerase 0.5 µl 6 µl 10 µl
H2O 32.7 µl 392.4 µl 654 µl
Split 1:1 294 µl 490 µl
DIG UTPs/ Bio UTPs 0.5µl 6 µl 10 µl
Yield ≈ 1.5 µg ≈ 20 µg ≈ 35 µg
b) Thermal cycler program: the denaturation, annealing and polymerization times and tem-
peratures are listed in table A.5.
Table A.5: Thermal cycler program for the tail-PCR
Cycle Number Denaturation Annealing Polymerization
First cycle 60 s at 95◦C 30 s at 59◦C 40 s at 72◦C
27 cycles 30 s at 95◦C 30 s at 59◦C 40 s at 72◦C
Last cycle 30 s at 95◦C 30 s at 59◦C 300 s at 72◦C
c) Purification: Use a stack of two DNA purification columns (Machery & Nagel), elute with
75 µl 60◦C warm H2O.
d) Digest: EcoRI-HF (5 units/ µg DNA), over night at 37◦C in NEB2 buffer.
e) Heat inactivation at 65◦C for 20 min.
f) Storage at -20◦C until further use.
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2. Preparation of the (iii) Spacer fragment. As spacer fragment the repetitive sequence of the
pUC18-48x601-197 plasmid is used (see plasmid list C.5, [162]). For this the pUC18-48x601-
197 plasmid was digested with EcoRI and HindIII to get a ≈10 kbp long DNA stretch.
a) Digest: double digest wiht EcoRI-HF and HindIII (2 units/ µg DNA, each), 5h at 37◦C in
NEB2 buffer.
b) Heat inactivation at 65◦C for 20 min.
c) Storage at -20◦C until further use.
3. Preparation of the (iv) DIG-main-part and (v) Bio-main-part fragment. The main parts
were made by digesting PCR fragment at their ends with HindIII and (iv) NbBvCI or (v) Nt-
BvCI. PCR reactions were performed using a thermal cycler (Mastercycler 5333, Eppendorf)
following the protocols described by the manufacturer of the polymerase.
a) The PCR-Master was mixed in the following order:
Table A.6: Main-part-PCR master mix. (iv) DIG-main-part, (v) Bio-main-part specific steps
Number
of master mixes 1 24 30
Reagent
HF-Buffer 5x 10 µl 240 µl 300 µl
dNTPs (non-labelled) 1 µl 24 µl 30 µl
Phusion Polymerase 0.5 µl 12 µl 15 µl
H2O 37.5 µl 901.6 µl 1126.5 µl
Split 1:1 588.6 µl 735.7 µl
Template:
Tube 1: pDMS60b 0.02 µl 0.45 µl 0.6 µl
Tube 2: pDMS60b 0.025 µl 0.6 µl 0.75 µl
Primer1 (both tubes): SFS4-Rev 0.25 µl 3 µl 3.75 µl
Primer2: SFS4-For-Nt.BbvCI 0.25 µl 3 µl 5 µl
Primer2: SFS4-For-Nb.BbvCI 0.25 µl 3 µl 5 µl
Yield ≈ 23 µg ≈ 42 µg
b) Thermal cycler program: The denaturation, annealing and polymerization times and tem-
peratures listed in table A.5.
Table A.7: Thermal cycler program for the main-part-PCR
Cycle Number Denaturation Annealing Polymerization
First cycle 120 s at 98◦C 15 s at 66◦C 60 s at 72◦C
29 cycles 30 s at 98◦C 15 s at 66◦C 60 s at 72◦C
Last cycle 30 s at 98◦C 15 s at 66◦C 600 s at 72◦C
c) Purification: Use a stack of two DNA purification columns (Machery & Nagel), elute with
75 µl 60◦C warm H2O.
d) Digest 1: Nt.BbvCI/ Nb.BbvCI (2.5 units/ µg DNA), 4h at 37◦C in NEB2 buffer.
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e) Add HindIII (2 units/ µg DNA) to the digest, 3h at 37◦C.
f) Heat inactivation at 65◦C for 20 min.
g) Purification from agarose gel:
i. Add self-made loading dye and warm up, 60 s at 60◦C.
ii. Place the samples on ice.
iii. Gel separation: 1% TAE agarose gel, 1h 30 min at 4 V/cm.
iv. Carefully cut out the desired DNA fragment (3 kbp length) avoiding any exposure to
ethidium bromide and UV.
v. Purification: Use a stack of two DNA purification columns (Machery & Nagel), elute
with 75 µl 60◦C warm H2O.
h) Storage at -20◦C until further use.
4. 1st Ligation step: Ligation of the DIG- and Bio-site-half of the final construct,
a) Keep a few µl of each fragment (i-iv) for agarose gel test leans.
b) Ligation, over night at 16◦C. The ligation ingredients were mixed in the following order:
Table A.8: Ligation of the DIG- and Bio-site-halves of the final construct. Half specific steps are indicated by
DIG-site-half and Bio-site-half
Molar ratios Amount (µg) DIG-site-half (µl) Bio-site-half (µl)
Fragments (concentration)
(i) DIG-tail (434 ng/µl) 40 x 25 57.5
(ii) Bio-tail (333 ng/µl) 40 x 25 75
(iii) Spacer (144 ng/µl) 1 x 10 (repeats)
= 12 (DNA) 75.3 86.5
(iv) DIG-main-part ( 301 ng/µl) 8 x 25 83
(v) Bio-main-part (277 ng/µl) 8 x 25 90
Reagent (concentration)
Tris-HCl (1M, pH 8.0) 15.2 16.7
MgCl2 (200 mM) 9.5 11
DTT (500 mM) 7 7.6
ATP (100 mM) 7 7.6
PEG 35 kDa (50% v/v) 70 76
T4 Ligase (16 k units) 4 4
H2O 21.5 5.6
Total volume 350 µl 380 µl
c) Heat inactivation at 65◦C for 20 min.
d) Purification from agarose gel:
i. Add self-made loading dye and warm up, 60 s at 60◦C.
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ii. Place the samples on ice.
iii. Gel separation: 0.6% TAE agarose gel (USB Agarose, Affymetrix), for 17 h, 1.5
V/cm at 4◦C (cold room).
iv. Desalt the gel: 3 times 10 min in ddH2O (min. 400 ml).
v. Carefully cut out the desired DNA fragment (13 kbp length) avoiding any exposure
to ethidium bromide and UV.
vi. Purification: use the Quantum Prep., freeze & squeeze kit (Bio-Rad).
e) Reduce the volume in a speed vac down to 100-120 µl.
5. 2nd Ligation step: Ligation of the DIG- and Bio-site halves to the final construct.
a) Keep around 7 µl of each half for agarose gel test lanes.
b) Mix the outcome of 1st ligation step: Preparing DIG- /Bio-site halves (≈ 200 µl), ratio
between the parts should not be higher than (1:2).
c) Ligation is mixed in the following order:
i. Incubation over night at 16◦C.
ii. Add 1µl ATP (pH 8.0, 100 mM) and 0.5 1µl DTT (0.5 M).
iii. Incubation 5h at 16◦C.
iv. Store on ice.
d) Purification from agarose gel:
i. Add self-made loading dye and warm up, 20 min at 60◦C.
ii. Place the samples on ice (1 min).
iii. Gel separation: 0.6% TAE agarose gel (USB Agarose, Affymetrix), for 17 h, 1.5
V/cm at 4◦C (cold room).
iv. Desalt the gel: 3 times 10 min in ddH2O (min. 400 ml).
v. Carefully cut out the desired DNA fragment (13 kbp length) avoiding any exposure
to ethidium bromide and UV.
vi. Purification: use the Quantum Prep., freeze & squeeze kit (Bio-Rad).
e) Reduce the volume in a speed vac down to 50-100 µl.
6. Storage of the construct
a) Store in 10 mM Tris-HCl (pH 8.0) and 10 mM NaCl, at -20◦C, until further use.
b) For regular use: use an aliquot of the stock and store it at 4◦C.
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A.4.3. SFS6 - long DNA constructs with Head-to-Tail EcoP15I
recognition sites
The protocol for the preparation of the SFS6 DNA construct is in all central parts identical with the
protocol for the SFS4 construct (see A.4.2). Only the template DNA for the PCR of the central part
(v) is different. The backbones of the plasmid pDMS60a and pDMS60b (see table C.11) are identical
in the orientation of the second target site which is reversed.
Table A.9: DNA fragments of the SFS6 DNA construct. The position of EcoP15I target site are given for the
final construct without tails. The construct contains two target site in an Head-to-Tail orientation. For plasmids
and primer details see table C.11
Fragment DNA source Digest
with
length
(bp)
Target site position (bp) in
the central part (without
handles)
DIG-tail pbluescript II +sk PCR (from
134 bp to 1333 bp )
EcoRI ≈ 600
Spacer pUC18-48x601-197 EcoRI,
HindIII
9701
DIG-
Main-
part
pDMS60b, PCR (from 3022
bp to 1742 bp)
Hind III,
NtBvCI
3095 9742
Bio-
main-
part
pDMS60a, PCR (from 3200
bp to 1742 bp)
Hind III,
NbBvCI
2917 15672
Bio-tail pbluescript II +sk PCR (from
134 bp to 1333 bp )
EcoRI ≈ 600
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A.5. Measurement and handling protocols - Qdot and SA
labelling of Bio-EcoP15I
Protocol for the labelling of Bio-EcoP15 with Qdot or SA. The enzyme labelling is done fresh before
each measurement. The labelled enzymes are stored on ice for not more than 5 hours. All preparation
are done in low protein binding tubes (Eppendorf) to minimize enzyme deposition on the tube wall.
Materials
Buffers and Solutions
Please see Appendix C for components of stock solutions, buffers and reagents.
Enzymes, fluorescent labels and Buffers
Enzymes: Biotin-labelled EcoP15I, BSA.
Fluorescent labels: Qdots 625, SA.
Buffers: R buffer.
Special Equipments
Protein LoBind Tubes (Cat.no. 022431064, Eppendorf)
Method
Enzyme for labelling protocol with streptavidin conjugate fluorescent probes, here presented for Qdot
labelling. The mixing is done in the order of the table A.10 at RT. Master mix for enzyme labelling
with streptavidin conjugate fluorescent probes, here presented for Qdot labelling.
1. Mix all components without the enzyme (last component).
2. Vortex the solution.
3. Gently pipet the enzyme stock (kept at -20◦C at all times).
4. Add the enzyme and gently mix the solution by pipetting it 5 times.
5. Place the tube bottom up and incubate it at RT for 15 min.
6. Dilute the master mix solution (Enz I) with the final reaction buffer to at least a volume of 30
µl and store it on ice.
Table A.10: Master mix solution of enzymes labelled with Qdot in a 1:1.5 ratio (Enz I)
Reagent Stock concentrations Final concentrations Volume (µl)
H2O 5.25
R (with fresh DTT 10 mM) x10 x1 1
BSA x10 x1 1
Qdots (1:7.5 dilution of the Stock) 132.7 nM 26.2 nM 1.75
EcoP15I-Bio (1:40 dilution of the Stock) 132.7 nM 13.7 nM 1
Total volume 10 µl
For bulk experiments the Qdot and enzyme concentrations need to be adjusted.
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A.6. Measurement and handling protocols - Direct
visualization of Qdot labelled EcoP15I enzymes on
sidewards stretched DNA
Measurement protocol for the direct visualization of Qdot labelled EcoP15I enzymes on sidewards
stretched SFS4 DNA. The general outline of the protocol is presented in the main text, see 4.4.1.
Figure 4.14 shows a schematic diagram of the working flow of the protocol.
Materials
Buffers and Solutions
Please see Appendix C for components of stock solutions, buffers and reagents.
Enzymes, DNA, fluorescent labels and Buffers
Enzymes: Biotin-labelled EcoP15I, Catalase, Glucose Oxidase , BSA.
DNA: SFS4 DNA construct (see 4.3).
Fluorescent labels: Qdots 625
Buffers: R buffer, Blocking Buffer.
Magnetic and reference beads
Magnetic beads: Dynabeads MyOne streptavidin C1 (655.01, Invitrogen).
Reference beads: Dynosphires monosize 3 µm beads (Q-102, Invitrogen).
Special Equipments
DNA LoBind Tubes (Cat.no. 022431021, Eppendorf)
Protein LoBind Tubes (Cat.no. 022431064, Eppendorf)
Magnetic rack (MPC-S, Dynal)
Capillary flow cell
Combined setup: magnetic tweezers plus TIRF-microscope
Method part 1: Setup and DNA preparation
Setup preparation
1. Flow cell mounting and blocking:
a) Mounting of a capillary flow cell.
b) Connecting the flow cell to the pump system.
c) Flush in 50 µl α-DIG (0.5 µg/ml solved in PBS), incubate for 10 min at RT.
d) Add 100 µl BSA (100x), incubate 10 min at RT. Examine carefully that the pumping
system (tubing, syringe) does not contain any air bubbles.
2. Adding reference beads
a) Flush two times with 100 µl PBS (wait 2 min between flushes).
b) Add 30 µl Ref-beads solution, incubate for 1 h.
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c) Add 100 µl BSA (100x), incubate 1h min at RT.
3. Flow cell adjustment
a) Set the piezoelectric sample translation motor to 50 µm position.
b) Focus on a Ref-bead in the centre of the field of view, by changing the objective position.
c) Tilt correction of the Flow cell, move the focused Ref-bead to all four field of view edges
(left, right, up and down).
d) If the Ref-bead moves out of focus, adjust the tilt of the flow cell. The bead should stay in
focus on the whole field of view (all four edges).
e) If the flow cell cannot be adjusted mount a new flow cell and start again from step 1.
4. Determination of the fluorescence background
a) Focus on the substrate surface (≈1.5 µm under the Ref-bead focus).
b) Set the illumination to conventional widefield, laser to 25 mW, exposure time: 100 ms,
gain: 400.
c) Measurement of the Background signal with the Qdot and Alexa 488 filter (see B.4).
d) The mean intensity should the between 1800 and 1200 counts. With the Qdot filter no
background spots should be observed. With the Alexa 488 filter only few fast bleaching
(with in 4 s) spots should be observed.
e) If the fluorescence background is above 2000 counts or more than 5 long-life spots (>5
s) are observed with the Alexa 488 filter, the flow cell is not suitable for single molecule
fluorescence experiments. This type of observations indicate that the substrate surface
cleaning procedure did not work properly. For samples with high fluorescence background
it was frequently observed that the Qdot-labelled enzymes stick to the substrates surface.
In such a case it is recommended to mount a new flow cell and start with the protocol from
the beginning.
DNA preparation
5. DNA coupling to magnetic beads
a) Washing of magnetic beads:
i. Clean 2 µl MyOne beads (vortex the stock before use) use for this a 1.5 ml DNA
LoBind Tube. Remove the supernatant, using a magnetic rack to pellet the beads.
ii. Wash the beads twice with 50 µl 1xPBS (Ca2+, Mg2+ free).
iii. Remove supernatant and resuspend the beads in 10 µl 1xPBS (the beads usually ad-
here to the wall of the Eppendorf-tube, resuspend also these beads).
b) Add 0.5 µl SFS4 DNA stock (12 ng/µl) to the washed beads, mix the solution by pipetting
5 times with a 10 µl pipet.
c) Place the tube upside down and incubate for 5 min at RT.
d) Add 20 µl blocking buffer.
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6. DNA attachment to the flow cell surface
a) Flush the flow cell with 100 µl blocking buffer.
b) Add ≈ 10 µl bead-DNA mixture to the flow cell and wait up to 10 minutes.
c) Flush the cell with 500 µl blocking buffer.
d) If the density of DNA tethered magnetic beads is too low repeat starting from step 6b.
7. Finding a DNA molecule
a) Set the magnets to 1 mm (≈ 1 pN) (vertical magnetic tweezers).
b) Search for a DNA molecules with a Ref-bead next to it and measure its length (≈ 7.4 µm).
8. Flow cell blocking: Add 100 µl BSA (100x) and incubate for at least 5 h. The BSA should be
old (stored at RT for at least 4 days).
Method part 2: Calibration
DNA alignment & properties
9. Determination of the attachment point
a) Record the magnetic beads position while slowly rotating the vertical magnets from -5 to 5
rotations (1 Hz, 1 mm magnet distance). Feedback: ON (using a surface bound Ref-bead).
b) Determine the DNA attachment point with respect to a reference bead’s position by fitting
the tracking result with a circle
10. Sidewards stretching angle and DNA stretching direction
a) Set the magnets of the vertical magnetic tweezers to 10 mm and move the sidewards
stretching magnet to horizontal = 0.5 mm and vertical = 0.5 mm positions.
b) Reduce the vertical sidewards stretching magnet position until the magnetic bead bounces
against the substrate surface.
c) Measure the magnetic bead position with respect to the reference bead positions.
d) Determine the DNA length and stretching direction.
Optic adjustments
11. Focus feedback: use the autofluorescence of the magnetic bead (bounces against the substrate
surface) to finely adjust the focus feedback.
a) Add 100 µl blocking buffer + (with α-fade cocktail).
b) Set the illumination to CW, laser to 5 mW, exposure time: 50 ms, gain: 400, Alexa 488
filter.
c) Start a dual measurement with feedback (Ref-bead) and adjust the focus feedback position
(reference offset).
i. Focus on the magnetic bead or reference bead (see figure A.1, red trace).
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ii. Shift the focus 200-300 nm towards the substrate surface.
12. Setting up the gain and Laser power:
a) Set the gain to 500 and start a dual measurement.
b) Reduce the laser power until the magnetic bead is only slightly observable (1000 counts
above the background). The typical laser power used is around 0.5 to 1 mW.
c) Estimate the signal to noise ratio. Substract the baseline level (450 counts) and divide the
mean autofluorescence signal by the background signal (a rough estimate is sufficient).
d) Reduce the gain in steps (e.g. 50) and repeat step 13b. Compare the signal to noise ratio
and reduce the gain until the ratio starts to drop significantly (factor of 2).
e) Add 50 gain value (typical around 300 to 350).
13. TIRF-field depth: Use the autofluorescence of the magnetic bead to roughly adjust the evanes-
cent field depth (see figure A.1).
a) Set the illumination to CW, laser to 5 mW, exposure time: 100 ms, gain: 300, Alexa
488 filter. The bottom of the magnetic bead should be visible (0.8 to 0.6 µm sized spot)
(intensity ≈ 4000 to 6000 counts above background level).
b) Change the AOI (angle of incidence) of the illumination beam (change from CW to TIR
illumination), until the total internal reflection starts (see figure A.1 (—) trace).
c) Increase the AOI until the autofluorescence signal of the magnetic bead drops down from
50% to 70% of the maximums intensity at the transition between CW and TIR illumi-
nation. The evanescent field depth is set now roughly to 200 nm (see figure A.1 (—)
trace).
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Figure A.1: Adjustment of the evanescent field using the autofluorescence signal of a magnetic bead. (A) Dual
measurement vertical magnetic tweezers and TIRF-microscope. (—) Magnetic tweezers tracking trace. Mag-
netic bead distance to the substrate surface as function of time. The DNA shortening by plectoneme formation
(see sketches) (rotation of the magnets +50 turns). (—) Autofluorescence signal by the magnetic bead under
CW illumination. (—) and (—) Background corrected mean autofluorescence signal by the magnetic bead un-
der TIR illumination for two different evanescent field depths. Example fluorescence images are shown above
the traces (timepoints are indicated by the grey dotted line). (B) Background corrected mean autofluorescence
signal under TIR illumination as function of substrate surface distance for 5 different AOI. Experimental condi-
tions: Magnetic beads: MyOne DNA: psFVI [52]; Buffer: Blocking buffer R+; Magnet position: 1.5 mm; Laser
power: 5 mW; EMCCD-camera: Focus: Substrate surface; Exposure time: 100 ms, gain 300.
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Method part 3: Measurement
After method part 1 and 2 the setup is ready and the actual measurement can be started.
14. Add the reaction buffer without enzyme. Flush in 50 µl pre solution. The adding of nu-
cleotides (green) is optional, for APO conditions use ddH2O The pre solution mixing order is
given by table A.11 on ice (4◦C).
Table A.11: Pre solution with nucleotides
Reagent Stock concentration Final concentration Volume (µl)
H2O 491.4
R buffer with freshly added DTT 10 x 1 x 60
BSA 10 mg/ml x 0.1 mg/ml x 6
D-Glucose 2 M 20 mM 6
BME 100% 0.10% 0.6
Nucleotides, e.g. ATP (pH 8.0) 100 mM 4 mM 24
Glucose Oxidase 2 mg/ml 0.02 mg/ml 6
Catalase 0.8 mg/ml 0.008 mg/ml 6
Total volume 600 µl
15. Start measurement: before the enzyme is added to the flow cell control all settings of the
setup: gain, exposure time, laser power, AOI, enough HD space) and make a short dual test
measurement. Set the pumping speed to 50 µl/min.
16. Adding enzyme. Dilute the Enz I (see A.5) with pre solution to get the final enzyme con-
centration for the experiment. Mix the solution at RT (see table A.12) and use it within 20
min.
Table A.12: Final measurement solution: Pre solution plus Enz I
Final enzyme concentration Pre solution Enz I Total volume (µl)
13.27 nM (stock) - 10 µl 10
1 nM 61.3 µl 5 µl 66.3
0.5 nM 63.8 µl 2.5 µl 66.3
0.1 nM 131.7 µl 1 µl 132.7
50 pM 263.4 µl 1 µl 264.4
17. Fine adjustment of the optics (focus, laser power, TIRF-field depth):
a) Focus position: the focus position can be fine tuned (300 nm) with a surface bound Qdot.
The Qdot needs to be close to the magnetic bead (10 µm radius). Set the focus feedback
200 nm above the surface focus.
b) Laser power: can be adjusted every time during the measurement. The laser power should
be lower that 5 mW.
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c) TIR field depth: the adjustment of the TIR should be avoided and is only need at high
fluorescent sample concentration (>2 nM).
18. Changing the buffer composition during the measurement: during a measurement the solu-
tion in the flow cell can be exchanged (see subsequent experiments section 4.9).
a) Set the pump to <20 µl (at high pumping rates the tracking fails).
b) Remove all of the previous solution from the inlet.
c) Wash the inlet with the new solution twice (20 µl).
d) Flush in the new solution.
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B.1. Magnetic decay and maximum force vertical magnetic
tweezers
Table B.1: Variation of the maximum forces (F0) and magnetic decay (dm) for the use of ”‘MyOne”’ magnetic
beads (1 µm in diameter). The table shows the results of ten independent magnetic decay and force/extension
measurements (DNA: 2xpSFVI [52], buffer: PBS). The data show that the F0 variation is around 10% and the
dm is around 5%.
Molecule # F0 δ Fo dm δdm DNA lenght (µm) δ p δ p
1 7.35 0.15 4.77 0.064 3.93 0.025 57.83 3.93
2 5.81 0.21 4.72 0.096 3.924 0.014 35.43 1.20
3 7.11 0.22 4.47 0.071 3.891 0.01 49.81 1.61
4 6.56 0.25 4.50 0.126 3.848 0.015 44.15 2.10
5 6.61 0.18 4.40 0.106 3.883 0.011 49.92 1.85
6 5.84 0.39 4.33 0.143 3.886 0.011 46.44 1.67
7 6.98 0.22 4.87 0.088 3.854 0.009 33.59 0.72
8 6.64 0.19 4.48 0.111 3.88 0.01 50.92 1.80
9 6.84 0.20 4.43 0.103 3.876 0.009 48.44 1.77
10 6.71 0.18 4.42 0.1 3.798 0.011 49.53 1.95
Mean 6.64 0.22 4.54 0.10 3.87 0.01 46.61 1.86
Table B.2: Variation of the maximum forces (F0) and magnetic decay (dm) for the use of ”‘MagSense”’ magnetic
beads (500 nm in diameter). The table shows the results of ten independent magnetic decay and force extension
curves measurements (DNA: 2xpSFVI [52], buffer: PBS). The data show that the F0 variation is around 26%
and the dm is around 5%.
Molecule # F0 δ Fo dm δdm DNA lenght (µm) δ p δ p
1 5.93 0.10 4.97 0.07 3.79 0.008 50.41 1.31
2 13.34 0.41 5.08 0.10 3.97 0.007 49.63 1.46
3 11.21 0.24 4.85 0.06 4.00 0.008 49.67 1.56
4 11.17 0.42 5.05 0.12 3.94 0.008 45.21 1.52
5 8.92 0.34 5.31 0.11 3.91 0.015 49.09 2.56
6 12.83 0.57 4.83 0.10 3.87 0.019 46.60 3.70
Mean 10.57 2.75 5.02 0.177 3.91 0.07 48.44 2.05
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B.2. Optical characterization of the dual setup
Figure B.1 shows the measurement protocol (scheme) of the investigation of the EMCCD camera
characteristics. The results of the camera and setup characterisation are presented in the diploma
thesis of Christoph Folgner, which were carried out under my daily supervision and close cooperation
in the time period from January 2010 to February 2011. For further details please see the thesis, see
reference [70].
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Figure B.1: Schema of the data analysis routine of the EMCCD-camera signal. Example investigation back-
ground signal: (A) Determination of an analysis area (green box). Calculation of the mean number of counts
per pixel in the selected area for a time series of images. (B) Mean background signal as function of time. (C)
Mean intensity per pixel. Camera setting: Exp = 100 ms, gain = 300, BP3 = green, Laser power = 10 mW.
B.3. Baseline offset of the EMCCD-camera as function of EM
gain and exposure time
Figure B.2 shows the dependence of the EMCCD-camera baseline offset on the EM gain and exposure
time. For more details see reference [70].
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Figure B.2: Baseline offset as function of Em gain and exposure time. (A) Mean intensity as function of gain,
data points (•) mean of 25x25 pixel and 2795 images per gain) plateau fit (—) (see as well [70]).
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B.4. Determination of the ADU factor
The figure shows the EM gain corrected intensity variance of 216 pixel as function of mean intensity
per pixel. The ADU is given by the slope of the data [82]. Further details of the analysis can be found
in reference [70].
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Figure B.3: Determination of the ADU factor. The graphs show the EM gain corrected intensity variance of 216
pixel as function of mean intensity per pixel. (A) Gain 0 to 35: measured intensity variance as function of the
mean intensity per pixel. The mean intensity was varied by changing the exposure time between 0.05 to 1 s
under constant LED illumination. The data show the factor of two difference in the variance between gain on
and gain off. (B) Gain 50 to 700.
B.5. Optical filter set and detection channels
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Figure B.4: Optical filter set of the MTpT Setup. (A) Fix filters for the separation of the two detection channels.
(i) 495-650 nm fluorescencedetection channel using the EMCCD-camera and LASER illumination at 488 nm
(filled light blue pike). (ii) above 650 nm magnetic tweezers channel using a fast CCD-camera and a resonance
cavity LED (filled light wine red) for the illumination. (B) Different filter BP3 of the detection of green emis-
sion fluorophores(for example Alexa 488 emission spectra, green filled area) or red emission fluorophores(for
example: 625 nm Quantum dots (red filled area)).
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B.6. Determination of the laser angle of incidence
The numerical aperture NA of an objective is defined as:
NA = n · sin θmax (B.1)
where n is the index of refraction of the immersion oil and θmax is the half-angle of the maximum cone
of light that can enter or exit the objective. The numerical aperture is related to the ratio of the focal
length f and the diameter of the exit pupil D through:
NA =
D
2 f
. (B.2)
This equation holds if the entire objective is illuminated. If the beam entering the objective does not
fill the entire width of the objective and is focused on the backfocal plane, the beam emerging from
the objective will consist of parallel rays. Displacing the beam from the optical axis by a distance b
causes the light to emerge from the objective under an angle of incidence θ (B.5 (A)). The maximal
displacement of the beam is limited by the exit pupil at which bmax = D/2. Inserting equation B.1
into equationB.2 and solving for θ yields the angle of incidence at bmax and in more general also the
dependence of the angle of incidence for any displacement of the beam from the optical axis:
θ (b) = arcsin
b
n · f . (B.3)
The prediction of this dependence is shown in B.5b for an objective with NA = 1.49 and 2 mm focal
length and an immersion oil with an index of refraction of 1.5229 at 488 nm. In the experiments the
beam displacement from the optical axis was adjusted with a micrometre screw to set a particular
angle of incidence. The micrometre screw was calibrated to provide defined angles of incidence at
particular screw positions using an isosceles triangular prism as previously described [185]. The
obtained angles of incidence from the calibration procedure reproduced the theoretically predicted
dependence on the beam displacement (B.5 (B)).
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Figure B.5: Determination of the angle of incidence. (A) Schematic representation of the beam geometry within
the objective. If the incident beam is displaced by a distance b from the optical axis, the light emerges from the
objective under an angle q. The focal length of the objective is denoted by f, the position of the back-focal plane
by a yellow dashed line. (B) Measured dependence of the angle of incidence on the displacement of the beam
from the optical axis (black squares). The red line is the theoretical prediction according to equation B.3.
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B.7. Laser power operation characteristic
The laser power density at the sample position was calibrated by setting the field of illumination to a
210 × 210 µm area and measuring the laser power with a photometer.
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Figure B.6: Schema of the analysis of the laser power at the sample position. (A) Adjustment of the field of
illumination with the iris I (Slit) see figure 2.9. (B) Stepwise increasing of the laser power and determination
of the plateau values at each laser power. (C) Laser power at the sample position as function of the set laser
power.
The OD of the filters is calculated by:
OD = log(
S lopeI0
S lopeI
) (B.4)
where SlopeI0 and SlopeI are the slopes shown in figure B.6 (C) without and with OD filter. The laser
power at the sample position was normalized by the field of view area to get the laser power density
shown in figure B.7.
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Figure B.7: Laser power density at the sample position.
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B.8. Pixel size and focal plane offset adjustment
In order to variably adjust focal offset between the two cameras both camera were mounted on rails.
The figures B.9 (A) and B.8 (A) show the focus offset between the two cameras as function of the
rail. Furthermore the magnification of the microscope depends on the rail position. The resulting
pixel size as function of the rail position is shown in the figures B.9 (B) and B.8 (B).
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Figure B.8: (A) Focus offset between CCD- and EMCCD-camera as function of the CCD-camera rail position.
Starting from the position at which both cameras are in focus. The position of the EMCCD-camera is set to
its optimal magnification which leads to 103 nm pixels size (EMCCD rail position 4.5 cm). The CCD-camera is
moved along the rail and the focus offset and the pixel size are measured using a calibration line grid (10 µm
grid, AX0001 OB-M 1/100 from Olympus) (•). The data are fitted with polynomial of 3rd grade with intercept(—)
(B) Pixel size as function of the camera rail position (•). The data are fitted linear with intercept(—).
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Figure B.9: (A) Focus offset between CCD- and EMCCD-camera as function of the EMCCD-camera rail posi-
tion. Starting from the position at which both cameras are in focus. The position of the CCD-camera is set to
its optimal magnification which leads to 90 nm pixels size (CCD rail position 3.72 cm). The EMCCD-camera is
moved along the rail and the focus offset and the pixel size are measured using a calibration line grid (10 µm
grid, AX0001 OB-M 1/100 from Olympus) (•). The data are fitted with polynomial of 3rd grade with intercept(—)
(B) Pixel size as function of the camera rail position (•). The data are fitted linear with intercept(—).
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B.9. Graphical user interface of the data collection with the
combined instrument
Figure B.10 shows the graphical user interface of the data collection with the combined instrument.
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Figure B.10: Graphical user interface of the data collection software. Central elements and controls are in-
dicated by numbers: (1) Hight and rotational control of the pair of permanent magnets (vertical magnetic
tweezers); (2) manipulation of the focus feedback position; (3) current xyz-positions of the tracked beads;
(4) indication of the current CCD image and camera buffer status and (5) the same for EMCCD-camera; (6) plot
of the z-position of the magnetic bead; (7) fluorescence image; (8) control to switch off the fluorescence image
updating; (9) controls for the laser, filter wheel and horizontal magnetic tweezers; (10) number of fluorescence
images saved; (11) line profile view (fluorescence images); (12) interaction cycles of the synchronisation loop
and (13) stop button, which initiates the level 3 of the controlling software (see figure 2.11).
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C.1. Part list of the MTpT setup
Table C.1: LED illumination unit
Company Part Article No
Edmund Optics 1.0” Dia F/4.0 Molded Acrylic Aspheric Lens, VIS Coated NT48-184
Farnell Power supply 175-079
HAMAMATSU
PHOTONICS
RC-LED 670 nm LED L9907
Semrock Optical
Filter
Optical Filter - Band pass 677/20 nm FF01-677/20
ThorLabs Translating Lens Mount for 1” Optics, Metric LM1XY/M
ThorLabs XT34 SM1 Adapter Face Plate XT34SM1
ThorLabs XT34 Right Angle Bracket XT34RA2
ThorLabs XT34 Cross Clamp XT34CC
ThorLabs XT34 Double Dovetail Clamp, XT34C2
ThorLabs XT34 Construction Rail, 100mm XT34-100
ThorLabs XT34 Construction Rail, 200mm XT34-200
ThorLabs XT34 Dual Profile, 100mm XT34DP-100
ThorLabs LED Mount for SM1 S1LEDM
ThorLabs Plastic Aspheric Lens, f=3.3mm, 0.40 NA CAY033
ThorLabs 6.35mm Lens Adapter for LMR05 LMRA6.35
ThorLabs SM05 to SM1 Adapter SM1A6
ThorLabs SM1 (1.035”-40) Coupler, External Threads SM1T2
ThorLabs SM1 Lens Tube, xx” Long, One Retaining Ring Included SM1Lxx
ThorLabs Right Angle Kinematic Mirror Mount, 30 mm Cage System,
SM1
KCB1
ThorLabs 1” Diameter Broadband Dielectric Mirror, 400-750 nm BB1-E02
ThorLabs Lens Tube, 1/2”, 0.50” Long SM05L05
ThorLabs SM1 Lever-Actuated Iris Diaphragm (0.8 - 12 mm) SM1D12
ThorLabs SM1 Series Slim Slip,Ring SM1RC/M
ThorLabs Graduated Ring-Activated SM1 Iris Diaphragm SM1D12C
Table C.2: TIRF-illumination unit
Company Part Article No
ABL Heatsinks Heatsink 0.85 K/W 350AB1500B
Coherent DDS Laser 488 nm, 50mW Sapphire 488-50
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Edmund Optics 1/4-Lambda N-BK7 Fenster 12,5mm D. VIS 0 Beschichtung NT47-517
Linos Reduzierring 25/16 G050-309-000
Linos Achromat -75/22.4 gef G052-019-000
Linos Achromat - 50/18 gef. G061-373-000
Linos Achromat 200/22.4 gef. G063-148-000
Linos Flachschiene FLS 40- xxx G061-35x
Linos Reiter FLR 4020 G061-372-000
Linos Reiter FLR 4034 G061-373-000
Linos Planplatte, Dmr = 25,4 mm, d = 5, BK7, ARB2-beidseitig G390-069-322
Linos Irisblende C15/30 G061-652-000
Newport ULTIMA Gimbal Optical Mount, 25.4mm, 2 Actuators,
Knob, 5
U100-G2K
Newport Serie SMMikrometerschrauben mit Nonius SM-13
Newport f=125 mm Acromat Beschichtet PAC0055AR.14
Newport Kompakte Linsenpositionierer Modell LA1V-XY
Newport Serie M-UMRPra¨zise Lineartische mit doppelter
Kugelfu¨hrung
M-UMR5.16
Newport BM Series Micrometer, 16mm Travel, 9 lb Load Capacity BM11.16
Newport Serie M-PBNGrundplatten M-PBN5
Owis Reiter SYS 40, 40 mm breit, mit Ra¨ndelschraube RT 40-40-R
Owis XY-Justieraufnahmeplatte 40 fu¨r gefasste Optiken 25 mm OH 40-D25-FGS-
XY
Owis Spalt, max. O¨ffnung 12 x 12 mm SP 60
Owis Irisblende mit Flansch und Adapterring, Apertur 1,0 - 14 mm IB-D22-1,0-14-FL-
AR
This work Laser holder
ThorLabs 1” Optic Mount B5C
ThorLabs 1 inch Broadband Mirror, 400-750nm BB1-E02
ThorLabs Black Flocked Paper 30, inch x 30 inch BFP1
ThorLabs KM100 Kinematic Mirror, Mount with Visable, Laser Qu KM100-E02
ThorLabs 38mm dia Solid Post, 75mm Length P75/M
ThorLabs Mounting Post Base length x inch PBx
ThorLabs Pedestal Pillar Post RS4P/M
ThorLabs Post length xx TRxx/M
ThorLabs 90 deg Counter Bored, Construction Post TR75C/M
ThorLabs Unmounted 1” Absorptive ND Filter, Optical density filter:
OD 1.0
NE10B
ThorLabs Unmounted 1” Absorptive ND Filter, Optical density filter:
OD 2.0
NE20B
ThorLabs Filter Mount with 90 Flip, Metric TRF90/M
ThorLabs Small Clamping Fork, 1.25” counterbored slot, Universal CF125
ThorLabs Pedestal Base Adapter- Metric BE1/M
ThorLabs Mounting Base, 1” x 3” x 3/8” (25 x 75 x 10 mm) BA1
Uniblitz Shutter LS2T2
Uniblitz Shutter Driver VCM-D1
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Table C.3: Detection unit
Company Part Article No
Andor EMCCD-Camera, iXon plus DU897D-CSO-BV
BfiOptilas Umwa¨lzku¨hler WKL 26
Linos Achromat 200/22.4 gef. G063-148-000
Linos Planplatte, Dmr = 25,4 mm, d = 5, BK7, ARB2-beidseitig G390-069-322
Linos Flachschiene FLS 40- xxx G061-35x
Linos Reiter FLR 4020 G061-372-000
Linos Reiter FLR 4034 G061-373-000
Newport Precision Ball Bearing Vertical Linear Stage, 0.31 inch Travel M-MVN50
Newport Serie M-PBNGrundplatten M-PBN5
Newport f=125 mm Acromat Beschichtet PAC0055AR.14
Nikon Apo TIRF 100x/1.49 Oil Inf/0.13-0.20 WD 0.12
Owis Kreuztisch KT 150 mit 20 mm Stellweg und Endplatten KT 150-D80
Physik Instru-
mente
LVPZT-Piezoversta¨rker / Servocontroller E-665.CR
Physik Instru-
mente
Mikroskopie ZPiezo Nanopositioniertisch, 100 m P-541.ZCD
Pulnix CCD-Camera TM-6710CL
Techlab Teflon (FEP); ID: 0,500 mm (0,020”); AD:1/16”; 1,00 m; KAP 100.967
Techlab Flangeless Ferrule 1/16in Red UP P-202X
Techlab Flangeless Male Nut 1/16” Red 10pk UP P-200R
Techlab Fingertight PEEK 5502
Techlab 4-Way Valve PEEK right angle UP V-100L
This Work Objetiv holder
This Work Dicroic Holder
This Work Camera holder
This Work Flowcell holder
ThorLabs Blank Cover Plate B1C/M
ThorLabs 1” Optic Mount B5C
ThorLabs 1 inch Broadband Mirror, 400-750nm BB1-E02
ThorLabs 4-Way Mounting Cube C6W
ThorLabs Right Angle Kinematic Mirror Mount, 30 mm Cage System,
SM1
KCB1
ThorLabs 0739-001 REV C 25cm x 30cm x 12,5mm, Breadboard MB2530/M
ThorLabs 38mm dia Solid Post P150/M
ThorLabs Translating Lens Mount for 1” Optics, Metric LM1XY/M
ThorLabs Mounting Post Base length x inch PBx
ThorLabs Pedestal Pillar Post RS4P/M
ThorLabs Adapter, External, C-Mount Threads SM1A9
ThorLabs End Cap SM1 Series SM1CP1
ThorLabs SM1 Lens Tube, xx” Long, One Retaining Ring Included SM1Lxx
ThorLabs Lens Tubes Couplers SM1T2
ThorLabs SM1 Series Slim Slip,Ring SM1RC/M
ThorLabs Six-Position Motorized Filter Wheel with USB FW102B
ThorLabs Rotatable Cage Cube Platform for C4W/C6W, Metric B3C/M
ThorLabs Cage Assembly Rod - 1/2”, 6 mm ER05
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ThorLabs Small Clamping Fork, 1.25” counterbored slot, Universal CF125
ThorLabs SM1 (1.035”-40) Tapped Cube Plate for C4W/C6W B2C
ThorLabs Universal Post Holder, Adapter UPHA
ThorLabs SM1 Series Slim Lens Tube Slip Ring, Metric SM1RC/M
ThorLabs Mounting Base, 1” x 3” x 3/8” (25 x 75 x 10 mm) BA1
ThorLabs Ring Activated SM1 Iris Diaphragm SM1D12D
ThorLabs SM1 Lever-Actuated Iris Diaphragm (0.8 - 12 mm) SM1D12
ThorLabs Pedestal Base Adapter- Metric BE1/M
ThorLabs Post length xx TRxx/M
ThorLabs 90 deg Counter Bored, Construction Post TR75C/M
ThorLabs XT34 SM1 Adapter Face, Plate XT34SM1
ThorLabs Mounting Base, 1” x 2.3” x 3/8” (25 x 58 x 10 mm) BA1S
ThorLabs 1” Diameter Broadband Dielectric Mirror, 400-750 nm BB1-E02
World Precision
Instruments
Aladin Pump 941-371-1003
Table C.4: Optical filter
Company Part Article No
Croma Edge Basic Langpassfilter 633 LP F76-635
Croma Sperrfilter E 590 LP F12-002
Croma Laser-Strahlenteiler 650 DCXR F33-650
Croma TopPride Bandpass 550/100 F27-550
Semrock RazorEdge Strahlteiler Dichro SEM-LPD01-
488RU-23.9-D
Semrock Bandpassfilter, 525 nm SEM-FF01-525/26-
25
Semrock Bandpassfilter, 625 nm SEM-FF01-625/15-
25
Semrock Bandpassfilter, 680 nm SEM-FF01-680/26-
25
ThorLabs Unmounted 1” Absorptive ND Filter, Optical density filter:
OD 1.0
NE10B
ThorLabs Unmounted 1” Absorptive ND Filter, Optical density filter:
OD 3.0
NE30B
Table C.5: Vertical magnet holder
Company Part Article No
Newport Leistungsstarke Lineartische mit Kugelfu¨hrung M-423
Newport Serie SMMikrometerschrauben mit Nonius SM-13
Physik Instru-
mente
Linearversteller, DC-Motor M-126.PD1
Physik Instru-
mente
DC-Motor C-150.PD
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Physik Instru-
mente
Z-Axis mounting bracket M-125.90
RS Components
GmbH
Timing Pulley 32 teeth 744-536
RS Components
GmbH
Ball bearing 19x10 mm 747-822
RS Components
GmbH
Belt, Timing, 2.5 mm Pitch, 6 mm wide 474-5066
Supermagnet Ring N45, vergoldet, Durchm. 6/2 mm, Dicke 2 mm R-06-02-02-G
Supermagnet Wu¨rfel N50, vergoldet, Seitenla¨nge 5 mm W-05-N50-G
This Work Magnet holder, cube magnets
This Work Rotainal moter holder
This Work Magnet holder, zylinder magnets
Table C.6: Sidewards stretching module
Company Part Article No
Owis Verschiebetisch mit 5 mm Stellweg in X-Miniaturausfu¨hrung VT 14-5-X-FGS
SmartAct Positionierer mit 18 mm Verfahrweg HCU-3DM
SmartAct Tischgera¨t zur Steuerung von bis zu dreiPositionierern mit
Sensoren
SLC-1730-ME
Supermagnet Quader magnets N50, vergoldet, 5 x 4 x 1 mm Q-05-04-01-G
This work Motor holder
Table C.7: PC hardware
Company Part Article No
BfiOptilas PCI Controller Karte (Andor) CCI-23
Dell Dual - Quad Core 2.66GHZ, 1333Mhz, 2x6MB T5400-Intel Xeon
E5430
National Instru-
mens
Image aquisition board (Pullnix) PCI-1428
Physik Instru-
mente
DC-Motor-Controller, 2 Achsen C-843.21
C.2. Chemical list
Table C.8: Chemical list
Name Abbreviation Compainy Articel No
(3-Aminopropyl)trimethoxysilane Sigma-Aldrich 281778-5ML
Adenosine diphosphate ADP Sigma-Aldrich 01899-250MG
Adenosine-5-triphosphate ATP Sigma-Aldrich A2383-5G
Ammonium hydroxide solution Sigma-Aldrich 320145-1L
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Anti-Digoxigenin α-DIG Roche 11333089001
Apyrase from potato Sigma-Aldrich A6410-100UN
Biotin-16-dUTP Bio-dUTP Roche 11093070910
Bovine serum albumin BSA Sigma-Aldrich A7511-250MG
Casein from bovin milk Cas Sigma-Aldrich C5679-5008
Catalase from bovine liver Sigma-Aldrich C40-100MG
Deoxyribonucleoside triphosphate dNTP Promega C1141
Dichlorodimethylsilane DDS, Sigma-Aldrich 440272-100ML
Digoxigen-11-dUTP DIG-dUTP Roche 11093088910
Dithiothreitol DTT Sigma-Aldrich 43817-1G
Double distilled water ddH2O Elga
Dynabeads MyOne Carboxylic Acid Invitrogen 650.01
Dynabeads MyOne streptavidin C1 MyOne beads Invitrogen 655.01
Dynosphires monosize 3 µm beads Ref-beads Invitrogen Q-1028
Ethidium bromide aqueous solution 10
mg
Sigma-Aldrich E1510-10ML
Ficoll Sigma-Aldrich F2637-5G
Fluorescein-12-dUTP Fluro-dUTP Roche 11373242910
FocalCheck Thin-Ring Fluorescent Mi-
crospheres Kit, 1.0 m *three suspensions*
Invitrogen F14741
Glucose oxidase type VII from aspergillu Sigma-Aldrich G2133-10KU
Hellmanex III Hellma GmbH &
Co. KG
9-307-010-3-507
Hydrogenperoxid H2O2 Sigma-Aldrich 216763-500ML
Methylorange Orange G Sigma Aldrich 234109-25G
Phosphate buffer solution PBS Media Kitchen
Biotec
Poly(4-tert-butyl-styren) P4TBS Sigma Aldrich 369705-10G
Poly(ethylene glycol) methyl ether Sigma-Aldrich 202487-5G
Poly(vinyl stearate) average Mw 90,000
by GPC, granular
Sigma-Aldrich 182796-5G
Poly(vinylstearat) PVS Sigma Aldrich 182796-5G
Polyethylene glycol PEG 3350 Sigma-Aldrich P4338-500G
Polystyrene average Mw 35,000 Sigma-Aldrich 331651
Polystyrol PS Sigma Aldrich 81408
Quantendot streptavidin conjungates (em.
625 nm)
Qdot 625 Invitrogen A10196
Sinefungin Sigma-Aldrich S8559
Sodium Vanadate Sigma-Aldrich S6508
Streptavidin Strep Sigma-Aldrich 85878-1mg
Streptavidin, Alexa Fluor 488 conjugate SA Invitrogen S-11223
Sulfuric acid (95-97%) Sigma-Aldrich 84720-1L-GL
Tetrahydrofuran Sigma-Aldrich 401757-100ML
Toluene Sigma-Aldrich 650579-1L
Trichloroethylene Alfa Aesar 41894
Yoyo-1 iodide Yoyo Invitrogen Y3601
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C.3. Solutions
Table C.9: Solutions
Name Components
Blocking Buffer PBS, 10 x BSA
Blocking Buffer + PBS, 10 x BSA, 20 mM D-Glucose, 0.008 µg/µl Catalase, 0.02 µg/µl
Glucose Oxidase, 0.1% (v/v) BME. (need to prepared fresh, befor use)
EnzI see A.10
PBS 10 mM PB (pH 7.5), 150 mM NaCl
Pre solution see A.11
R 50 mM Tris-Cl (pH 8.0), 50 mM KCl, 10 mM MgCl2, 1 mM DTT,
filtered and stored at -20 C
R + 50 mM Tris-Cl, pH 8.0, 50 mM KCl, 10 mM MgCl2, 1 mM DTT, 100
g/mL BSA, filtered bevor use and stored at -20C
Reference-beads solu-
tion
PBS, 0.025% (v/v) Dynosphires Monosize 3 µm
Self-made loading Dye 450 mM EDTA, 60 mM Tris-Cl (pH 8.0), 15
Stop Buffer I 0.1 M Tris (pH 7.5), 0.2 M EDTA, 2 times lording Dye (NEB)
TAE Buffer 40 mM Tris, 0.1 (v/v) acetic acid, 1 mM EDTA (pH 8.0)
Type III dilution buffer 10 mM Tris-Cl (pH 8.0), 100 mM NaCl, 1 mM DTT, 50% (v/v) glycerol
C.4. Oligonucleotide list
Oligonucleotides were purchased from Sigma-Adlrich (unless stated otherwise) and dissolved in
ddH2O to a final concentration of 100 µM and stored at -20 C.
Table C.10: Oligonucleotides used in this thesis are listed in this table with name, 5´-3´ DNA sequence, main
application and source. Restriction enzyme recognition sites are highlighted in dark blue
.
Name Sequence
biotinx2 refill TCAGCTCATG TCATCCTCAG
CACACT[BtndT]GAC
CCTCAGC[BtndT]CA GCTAGCCTCA
GCCTACAATC ACC
two biotin incorporated [109]
FS1-P15I for GGTGACGCGG AGTATTTGGT
ATCTGCGCTC TGCTGAAGCC
AGTTACCTTC GGAAACG
FCCS, EcoP15I site, bi-
otin label
this
work
FS1-P15I
for-5Biotin
[Bio]-GGTGACGCGGA GTATTTGGT
ATCTGCGCTC TGCTGAAGCC
AGTTACCTTC GGAAACG
FCCS, EcoP15I site,
Cy5 label
this
work
FS1-P15I
re-5Cy5
[Cy5]-CGTTTCCGAA GGTAACTGGC
TTCAGCAGAG CGCAGATACC
AAATACTCCG CGTCACC
FCCS, EcoP15I site,
Cy5 label
this
work
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FS2-re-5Cy5 [Cy5]-CGTTTCCGAA GGTAACTGGC
TTGTAGTAAG CGCAGATACC
AAATACTCCG CGTCACC
FCCS this
work
FS2-for GGTGACGCGGA GTATTTGGT
ATCTGCGCTT ACTACAAGCC
AGTTACCTTC GGAAACG
FCCS this
work
pBlueFor GACCGAGATA GGGTTGAGTG DNA construct: Han-
dles
pBlueMiddleREV2FSGAACAAAAGC TGGAGCTCCA DNA construct: Han-
dles
this
work
pBlueRev CAGGGTCGGA ACAGGAGAGC DNA construct: Han-
dles
SFS4BioFor
NtBbvCI
GCACCTCCTC AGCGCTAGAG
TAAGTAGTTC GCC
DNA construct: SFS4,
SFS5, SFS6
this
work
SFS4digFor -
NbBbvCI
GGAGGTGCTG AGGAGATAAC
TACGATACGG GAGG
DNA construct: SFS4,
SFS5, SFS6
this
work
SFS4Rev ACCATGATTA CGCCAAGC this
work
6/50 P15I for [Hex]-TGGCTTCAGC AGACCGCAGA
TACCAAAACT GTCCTTCTAT
TGACAATTCG
Anisotropy assay, Hex
label
Julia
To´th
6/50 P15I rev ACCGAAGTCG TCTGGCGTCT
ATGGTTTTGA CAGGAAGATA
ACTGTTAAGC
Anisotropy assay Julia
To´th
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C.5. Plasmid DNA list
The DNA plasmids used in this thesis are listed in table C.11, with a brief description of their features
applications and source column. The sequences of all DNA plasmids are available upon request.
Table C.11: DNA plasmids used in this thesis.
Name Feature Application Source
pblue24 5x BbvCI 5 x BbcCI repeat, DNA replace-
ment strategy
DNA construct: FSQ3 [109]
pBluescript II SK + Multiple cloning site DNA construct: modi-
fied tails
pDMS60a HtH EcoP15I substrate DNA construct: SFS4,
SFS5, SFS6
[12], [31]
pDMS60b HtT EcoP15I substrate DNA construct: SFS6 [31]
pSFVI EcoR124I site DNA construct: pSFVI,
FS1, FS2
[52]
pUC18-48x601-197 48 x repead of the 601 DNA nucle-
osome positioning sequence
spacer sequence for
long DNA constructs
Nicholas
Luzzietti,
Sylvia Claus-
ing
Supercos1+lambda
12
21 kbp long multi EcoP15I and
EcoR124I substrate
DNA construct: SFS2 Karin Crell
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